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SUMMARY 
Although practical double-layer grids are usually highly redundant 
structures made of ductile material, they do not necessarily possess 
reserves of strength beyond their elastic limit load, because their 
inelastic behaviour may involve the plastic buckling of members. In 
order that the potential strength reserves of double-layer grids can be 
procured in design, an understanding of the inelastic behaviour of these 
structures is required. 
A technique of analysis is presented which traces the structural 
behaviour of double-layer grids from the elastic range to collapse. The 
method uses a 'modulus replacement' rather than a 'member removal' 
technique of analysis and as such requires an understanding of the post- 
buckling behaviour of the type of strut used in double-layer grids. Since 
extensive use of circular hollow sections is made in double-layer grid 
construction, theoretical post-buckling curves for tubular struts of 
practical slenderness ratio are developed. 
Assessments of the validity of these formulae and of the collapse 
analysis program were made by comparing theoretical curves with results 
obtained from a series of compression tests performed on mild steel tubes 
and from tests on four mild steel double-layer grids. Special attention was 
paid in both experimental studies to minimizing,, where practicable, potential 
sources of experimental error and imperfections. To this end, great care 
was taken in all manufacturing and testing processes and use was made of a 
computer controlled data logging system to ensure the reliable acquisition 
of accurate data. 
The theoretical and experimental results obtained, indicate that the 
proposed theories, idealizations and assumptions do provide a foundation on 
which more detailed studies of double-layer grid collapse behaviour can be 
developed and assessed. 
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"Objectivity is a desideratum, 
like an ideal, never humanly_attainable. " 
J. A. Van den Broek. 
TO MY PARENTS, 
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INTRODUCTION 
Double-layer grids are structures composed of two parallel inter- 
connected networks of elements. When reference is made to loading double- 
layer grids, it is normally assumed that loads are being applied transversely. 
Double-layer grids are increasingly being used to cover large, column- 
free areas due to their low weight to strength ratios. In addition to 
this, double-layer grids can normally be prefabricated and are easily and 
rapidly erected on site. 
The interconnection patterns and the large number of members involved 
in practical double-layer grids usually result in their being highly 
statically indeterminate. In the past, the accurate analysis of such 
highly redundant structures was both tedious and time consuming, hence 
approximate methods of analysis were evolved. However, the development 
of matrix methods of structural analysis together with the increased 
availability of computers, has meant that accurate'linear analyses can 
now be readily carried out. In addition, these developments have also 
meant that non-linear and inelastic structural behaviour can be more fully 
investigated. 
The analysis and design of double-layer grids are usually based on the 
assumption of linear behaviour. Inelastic behaviour is not normally 
considered in the design process because it is argued that due to their high 
degree of indeterminancy double-layer grids made of ductile material will 
possess load-carrying capacities in excess of their elastic limit loads and 
therefore appropriately factored linear analyses will provide conservative 
designs. However, this argument is based on the assumption that failed 
members are able to maintain their failure loads under increasing deflections 
(A failed member is taken as one which has attained its elastic limit load). 
However, the assumption is invalid if member failure is due to plastic 
buckling. If the elastic limit load of a practical double-layer grid is 
exceeded, because external loads are normally transmitted primarily as 
axial forces, and because practical members are neither very stocky nor very 
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slender, then the plastic buckling of struts may be involved in the post- 
elastic structural behaviour. Member instability due to plastic buckling 
results in a sudden loss of member load-carrying capacity which causes a 
redistribution of internal forces. If the structure can sustain this 
redistribution then it may be able to support increased external loading. 
However, if the redistribution causes further member failures, then the 
'collapse' may become progressive and, the structure could possess no 
reserve of strength beyond it's elastic limit load. Therefore, in order 
that factors of safety against collapse being applied to double-layer grids 
can be established and that design procedures can be evolved which give 
rise to economic structures with inelastic strength reserves, it is 
necessary to develop techniques of analysis which provide information on 
the inelastic behaviour of these structures and which consider the effects 
of strut buckling. 
The inelastic behaviour of double-layer grids involves the sequential 
failure of individual members which may result in overall structural 
collapse if the structure becomes a mechanism. However, formation of a 
mechanism is not necessarily a prerequisite for1collapse, as collapse may 
be considered to have occurred if deflections have become excessive. 
Conventional ultimate load methods of analysis do not usually provide 
information on deflections and therefore techniques of analysis are needed 
which trace the load-displacement history of the structure from the elastic 
range to collapse. Such techniques may be termed collapse analysis techniques 
as they do provide information on displacements, forces and failed members 
at every level of loading. 
The development of collapse analysis techniques for double-layer grids 
is still in its infancy. An indication of the growth of interest in this 
field is given by considering the contents of the proceedings of the two 
International Conferences on Space Structures (1,, 2). At the first 
conference in 1966 no papers. were presented which were related to the 
inelastic behaviour Of predominantly axially loaded structures, whereas in 
1975, at the second conference, ten such papers were reported, covering 
both &oretical and experimental developments. Some of these papers 
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together with other related literature are reviewedý'in'-Chapter 2. 
Many of the methods however, do not consider buckling of members. 
To gain a preliminary knowledge of the inelastic behaviour of 
double-layer grids, the present study assumes for analytical purposes 
that these structures can be considered as assemblages of pin-ended 
members. However, it should be noted that although the predominant 
linear structural action of double-layer grids is usually that of axial 
force, the inelastic behaviour may be increasingly influenced by bending 
moments, torques and shear forces. The structural behaviour will be 
related to the load-deflection behaviour of the individual members, which 
is material dependent, and a second important assumption in this work is 
the use of a material displaying an elastic-plastic characteristic, such 
as structural steel, which is commonly used in double-layer grid 
construction. 
Because of the importance of member behaviour on the overall behaviour 
of double-layer grids, a study of individual member load-deflection 
characteristics was necessary. Whereas the tensile behaviour of a member 
made of elastic-plastic material is predictable and repeatable, the 
prediction of compressive member behaviour is more difficult because strut 
failure is caused by loss of stability and therefore strut critical loads 
are influenced by ever present imperfections. In addition, only 
limited information was available on the plastic post-buckling behaviour of 
struts and therefore a large portion of the present study is given to the 
further investigation of strut behaviour. 
Some of the mass of literature related to the factors influencing 
and the prediction of, strut critical loadsq together with the comparatively 
few and more recent studies of strut 'post-buckling behaviour are reviewed 
in Chapter 1. Since extensive use of circular hollow sections is made in 
double-layer grid construction theoretical post-buckling curves for 
tubular struts were developed and these are presented in Chapter 3. The 
validity of these theoretical curves needed to be ascertained and therefore 
a set of compression tests was carried out on mild steel tubes of various, 
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practical slenderness ratios. Accurate, data was collected using a 
computer controlled data logging system. The experimental procedure 
and the results of these tests are found in Chapter 4 and Appendix A. 
A computer program was written to investigate the inelastic 
behaviour of pin-jointed double-layer grids and is described, in Chapter 
5. The program, is used in Chapter 7 to compare the inelastic behaviour 
of six different configurations of double-layer grid. The computer 
program employs a sequence of non-iterative linear analyses and as such 
uses a step-by-step technique. 
The method of representing failed members differs fundamentally from 
most other techniques found in the li 
, 
terature,, in that the present work 
uses a 'modulus replacement' rather than a 'member removal' method of 
analysis. This technique allows the effective modulus of failed members 
to change in accordance with their post-failure behaviour and therefore 
their contribution of stiffness to the structure is taken into consideration. 
Analytical studies are based on a number of different mathematical 
models, idealizations and simplifying assumptions. Although these 
approximations may be justifiable and valid individually, when considered 
collectively they may not necessarily produce valid predictions of structural 
behaviour. The idealized results obtained from such techniques of analysis 
will deviate from the actual structural behaviour and an assessment of the 
validity of the techniques needs to be made. This can only be achieved 
by comparing analytical results with results obtained from suitable 
experimental studies. 
Very few research studies exist where-the inelastic behaviour of double- 
layer grids has been investigated experimentally. In addition to the 
limited quantity of such experiments, most of the available studies have used 
practical double-layer grid systems whichpossess inherently large 
structural imperfections. The results from these tests have shown that 
actual and theoretical structural behaviours are not always in accord and 
this has been attributed to the presence of both experimental and structural 
imperfections. Although these results are of importance, as they do 
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involve practical structures using commercial jointing systems, in order 
to investigate whether a proposed analytical technique is fundamentally 
correct or incorrect more precise experimentation is necessary. 
Therefore, in the present study four double-layer grids were manufactured 
and tested with the objective of obtaining accurate and reliable 
measurements of the inelastic behaviour of structures in which the degree 
of imperfection was minimized as far as possible. The process of 
manufacturing and testing these grids together with the experimental 
results are found in Chapter 6 and Appendix B. 
The Thesis is divided into three parts. Part One is the literature 
survey of both strut behaviour and inelastic double-layer grid behaviour. 
Part Two contains the main body of the thesis, where both the theoretical 
and the experimental investigations are described. Part Three contains 
some applications of the work, the conclusions and some suggestions for 
future investigations. 
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LIAPTER 
THE BEHAVIOUR OF INDIVIDUAL MEMBERS 
Introduction 
The investigation of the inelastic behaviour of double-layer grids 
requires a full-understanding of the linear and non-linear behaviour of 
individual structural components. In a pin-jointed structure this behaviour 
is the axial load-deformation relationship of each member. 
The tensile stress-strain curve for structural steel has been very 
thoroughly investigated with numerous experimental studies being carried out 
well into the plastic region of material behaviour and usually to ultimate 
failure. Similarly, a great deal of attention has been paid to the 
theoretical and experimental investigation of column ultimate loads. 
However, the ultimate load of a column is its buckling load and this is 
reached at the limit of the columns so called linear behaviour, and 
therefore most column research has been completed without the need to 
investigate the post-critical column behaviour. 
The effect of instability on column action is such that critical 
buckling loads are sensitive to imperfections and this has led to "safe 
stress" design methods which have further reduced the need to investigate 
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post-ultimate strut behaviour. 
The load-carrying capacity of a double-layer grid . will 
depend 
on the critical loads and post-critical behaviour of the struts-within it. 
This chapter describes the major factors affecting column behaviour and 
deals with the main events in the development of column critical load 
prediction with reference to elastic buckling, inelastic buckling and 
the effects of imperfection, and also with, the more recent development 
of studies involving post ultimate behaviour. 
1.2 Tensile Behaviour 
Figure 1.1 shows the early portion of the typical stress-strain 
curve for annealed mild steel. The tension member before strain-hardening 
shows an elastic-plastic type of behaviour as it yields and then undergoes 
increasing deformation at a constant load. The full curve is not shown 
because the figure covers the range of deformations necessary for the, 
analytical purposes of this study. 
The effects of cold work and of the rate of strain on the-material 
can significantly alter the magnitude of the yield stress and slightly 
change the shape of the stress-strain curve. These effects are discussed 
in more detail where they arise in the experimental sections of-this work. 
1.3 Colum Critical Loads 
1.3.1 Elastic Buckling of Perfect Columns 
The first paper concerning the strength of columns was published 
in 1729 by van Musschenbroek (3), who presented an empirical re , 
lationship 
showing column strength to be inversely proportional to the square of the 
column length. This relationship was based on experimental work involving 
timber columns of rectangular section. 
*Figures are found at the end of the relevant chapter. 
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The development of differential and integral calculus during that 
period resulted in many mathematical formulations of natural phenomena. 
Euler published his now famous paper on column buckling in 1759 (4). 
His mathematical approach was based on the external loading being resisted 
by internal moment rather than by material strength. Euler was the 
first person to realize that column strength was a problem of stability 
and not just crushing, and his conclusions were verified and extended, 
with the use of a more rigorous analysis. by Lagrange in 1770 ( 5). 
However, experimental work showed that Euler's formula overestimated 
the critical failure load of columns and it was concluded that his theory 
was defective if not entirely incorrect. This unfortunately led to the 
temporary abandonment of the Euler formula and with it the crucial theory of 
instability causing column collapse. 
Euler had neglected in his calculations the effect of direct axial 
compression and shearing stress. In-his massive treatise Salmon (6) 
covers early column work in detail including the search in the 18th and 
19th centuries for a solution to reconcile Euler's formula with observed 
column failure loads. Work by V. Heim, 1838 (7) and Kriemler 1902 (8 
showed that for practical purposes the effect of axial compression and of 
shear had little effect on the Euler formula. 
The real reasons for the experimental and theoretical differences 
in column strength were understood earlier by Young, 1807 (9). He 
pointed out that the Euler theory was correct if applied to perfect, 
elastic columns.. Young attributed the discrepancies to initial column 
curvature, inequalities in the column material and eccentric loading, i. e. 
the differences between real and perfect columns. He pointed out that 
under Euler's assumed conditions there was no reason why columns should 
bend even if the load should exceed the critical load. He also determined 
a limit below which columns would crush rather than buckle which helped 
further explain the differences between Euler theory and experimental 
results. 
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However, it was Lamarle in 1845 (10 ) who established the elastic limit as 
the limit of validity for Bler's equation. He showed that when an ideal 
column bends the most highly stressed fibres'in the column may immediately 
pass the elastic limit of the material. Therefore, the Euler load causing 
the buckling is not just the load necessary to obtain the first deflection 
from the original shape (the instability) but it is also the collapse load 
of the column. Lamarle also showed that if the elastic limit load is less 
than the Euler load then column failure is due to direct compression rather 
than to buckling. 
Although Euler's theory was initially thought suspect due to 
experimental results, Salmon ( 6) describes the experimental work following 
the papers of Young and Lamarle. More accurate means of performing 
experiments enabled many different researchers to verify Eulerian theory. 
Had the work of Euler and Young"been better received, research into 
column behaviour would have been advanced by almost a century. 
1.3.2 Inelastic Buckling of 'Perfect' Columns 
The previous section' described the early work dealing with columns 
which buckle elastically i. e. at the attainment of instability the 
average stress over the column cross section is less than the stress 
corresponding to the materials elastic limit. From Eulerian theory it 
can be shown that such columns are long and slender, typically for a mild 
steel column the slenderness ratio L1. r will be greater than one hundred. 
However, many practical size columns are shorter and fall into the 
medium length range of 
' 
slenderness ratio 40<Llr<100 . These columns 
buckle inelastically because the elastic limit of the material is reached 
before the inception of buckling. If the elastic limit is exceeded then the 
modulus of the column is no longer equal to the elastic modulus but becomes 
equal to a new decreased modulus E' which is a variable. Therefore, the 
bending rigidity of the column E'l is reduced and eventually a condition 
is reached where the internal moment of resistance of the column does not 
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balance the externally applied load and the column buckles. 
Considere (11) in 1889 reasoned that the strength of columns which 
buckle inelastically could be determined by substituting a variable 
modulus i in the Euler equation. No theory was presented, but he 
suggested that if it were assumed that a column remained straight up to 
the load at failure and only then began to bend, the stresses on the 
concave side of the column would increase in accordance with the compressive 
stress-strain curve whereas on the-convex side of the column the stresses 
would decrease elastically. He concluded that the average moduius 
of the column i which would be smaller than the elastic modulusE , could 
be used in conjunction-with the Euler equation. 
At almost the same time Engesser (12) produced his tangent modulus 
theory. He assumed that the perfect column would remain straight until 
failure but that the modulus remained constant across the section even 
beyond the elastic limit. When this limit was exceeded then the elastic 
modulus was replaced by the tangent modulusET in the Euler equation. 
Engesser showed that as the axial load increased beyond the elastic limit 
load then the tangent modulus and hence the modified Euler load decreased, 
until eventually a point was reached where the applied load and Euler load 
were equal and instability occurred., 
Engesser's tangent modulus was attacked by Jasinski (13) in 1894, 
who reiterated Consideres thoughts, namely that with the slightest lateral 
deflection of the column the modulus would no longer remain constant over 
the entire cross-section due to elastic unloading on the convex side of 
the deformed column. 
Engesser acknowledged the criticism and in 1895 (14) produced a 
new reduced modulus theory based on the tangent modulus, the elastic 
modulus and the cross-sectional shape. A relationship was arrived at 
for the reduced modulus E. which was again substituted into the Euler 
equation to obtain critical column loads. 
zç 
Experiments by von Karman in 1910 (15). on small rectangular mild 0 
steel columns produced results supporting the reduced modulus theory and 
in 1912 Southwell (16) derived the theory again apparently without knowledge 
of the work of von Kairman and Engesser. 
Other experimenters, however, found that the reduced modulus theory 
over-estimated column strength and this led engineers to adopt'the tangent 
modulus theory for purposes of design. Although the tangent modulus 
theory modelled experimental results better, the reduced modulus theory 
was still considered to be the correct theoretical solution of the 
inelastic buckling of columns. 
This anomaly was resolved in Shanley's classic papers of the mid- 
1940's (17,18 and 19). Shanley questioned the assumptions made in the 
derivation of the reduced modulus theory. He pointed out that the 
conditions necessary to obtain the reduced modulus load could only occur 
if a portion of the cross-section of the column was subjected to decreasing 
strain. This would be impossible if the column were to remain straight 
and would therefore imply that the column must bend before reaching the 
reduced modulus load. Shanley further argued that a column remains straight 
until reaching the tangent modulus load whereupon there was nothing to 
prevent the column bending simultaneously with increased load. The 
column would bend without strain reversal at the tangent modulus load 
and this condition would be stable. However, further increases of the 
axial load induces extra bending which in turn causes strain reversal. 
This increases the effective modulus to a value larger than the tangent 
modulus but not as large as the reduced modulus due to the column no 
longer being straight. Shanley deduced that to obtain the theoretical 
value of the reduced modulus requires a column to undergo an infinite 
lateral deflection at a constant value of the tangent modulus. This is 
impossible and so the reduced modulus load cannot be obtained. Therefore, 
the strength of a column in the inelastic range lies between its tangent 
and reduced modulus loads. 
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The significance of Shanley's work was acknowledged by von Ka'Orman 
(20) who saw a need to restate the stability criterion for inelastic columns. 
The ideal column would behave as indicated by the reduced modulus theory 
whereas the practical column would behave as indicated by the tangent 
modul us theory. 
As a result of Shanley's work the Column Research Council in 1952 (21) 
issued a technical memorandum recommending that thi tangent modulus formula 
formed a proper basis for the establishment Of working load formulae. 
1.3.3 Buckling of Imperfect Columns 
The 'ideal'pin-ended column does not exist in practice- a 'real' 
column will always possess some degree of imperfection. Such variations 
from the perfect column cause a scatter in the magnitude of strut critical 
loads and fall into two categories. 
(a) Geometric Imperfections - this group covers such imperfections 
as eccentricity of applied load, initial column out of straightness 
and the presence of restraint at column supports. In general these 
factors result in a column being subjected to bending as well as 
to direct axial compression. 
(b) Structural Imperfections - these imperfections include the 
presence of residual stresses and material non-homogeneity in 
col umns. 
A compression member in a space structure may possess imperfections 
of both the geometric and structural types. The following discussion 
deals primarily with the treatment of imperfections in relation to elastic 
buckling as it is this approach which forms the basis of many existing 
codes of practice. 
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Geometric Imperfections 
As mentioned in section 1.3.1 it was Young (9 ) who first realised 
that the large scatter of experimental strut data was due to-column 
imperfection. Young produced the first theoretical, equations to take 
into account the effect of eccentric loading and the effect of initial 
column curvature on column critical loads. He applied his theory 
for an eccentrically loaded column to a strut with a rectangular cross- 
section. Young arrived at a formula which later formed the basis for 
what is now commonly referred to as the secant formula. (This formula 
is considered further in section 1.3.4). Young's calculations had 
neglected the effect of direct axial stress and this effect was included 
in Scheffler's more complete solution of 1858, (22). 
It was Ayrton and Perry (23 ) in 1886 who provided the general 
solution for predicting the critical load'of an initially curved column. 
The Ayrton-Perry formula was compared with experimehtal results by 
Robertson in 1925 (24 ), who introduced an imperfection parameter which 
took into account the fact that the initial strut out-of-straightness 
would be a function of the length of the column. Although he was aware 
of the structural imperfections in a column, Robertson chose to 'mask'. ' 
such' imperfections and include them as an equivalent ini-tial curvature 
for ease of calculation. The Perry-Robertson approach has formed the 
basis of strut design in Britain for many years. 
An alternative 'masking' technique is to use the secant' formula 
and assume that all other imperfections can be considered as producing 
an equivalent eccentricity of loading. This method has been used until 
quite recently in the United States. 
The effect of column end restraint may be considered as a further 
type of geometric imperfection. This imperfection is more difficult to 
evaluate than initial bow or loadzeccentricity as it cannot be physically 
measured. To predict the effect of end conditions on column critical 
loads. engineers have developed a technique known as the principle of 
effective length-'based on theoretical and experimental observations. 
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The same standard pin-ended formulae are used but the true length L 
is replaced by an effective length kL, and the value of the effective 
length parameter k used is dependent on the end conditions. The value 
Of k can be obtained theoretically for combinations of fully-fixed, , 
simply-supported and pinned-end conditions, but for struts in frameworks 
where there is a variable degree of end restraint experimental observation 
and engineering judgement are the only available methods of determining 
a suitable value for k. 'k 
The above methods - The Perry-Ayrton, the secant formula. and the 
principle of effective length - are similar in that they ignore other 
types of imperfection,, preferring to 'mask' these imperfections as a 
single parameter be it the out-of-straightness factor, the eccentricity 
ratio or the effective length factor. These 'masking' techniques, 
although based on expeMmental observation are not entirely satisfactory 
for the purpose of understanding column behaviour or for obtaining actual 
critical loads but they, do provide a basis for working load formulae. 
2. Structural Imperfections 
The theoretical assessment of the effect of structural 
imperfections on column failure loads is more complex than that of 
geometric imperfections due to the random distribution and magnitude 
of material defects and residual stresses. These imperfections are 
a product of manufacture and vary with column size, section and manu- 
facturing technique. As a consequence of the random nature of these 
imperfections research in this area has included many statistical 
experimental studies* 
Residual or 'locked in' stresses are present in a column even 
before the application of external load and ' 
are caused by the partial 
plastification of the section. This plastification affects the homogeniety 
of the section as well as its strength. The plastic deformations necessary 
to induce these stresses are causedby a variety of manufacturing procedures 
the main sources of which are the differential cooling of hot rolled sections, 
the effects of welding and flame cutting processes and to a lesser degree the 
effects of cold straightening. 
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Salmon (6) relates the early research into the effects of cold 
straightening on strut specimens. - However, even in 1921 when his 
treatise was written relatively little was understood about the nature 
of structural imperfections. A thorough investigation of the problem 
has been carried out more recently with independent studies in both 
America and Europe. 
Extensive results on the effects and causes of residual stresses 
have been reported by various members of a research team at Lehigh 
University in America and Beedle (25) reports a brief summary of their 
work. 
Commission No. 8 of the European Convention for Constructional 
Steelwork (E. C. C. S. ) was established in the late 1960's to investigate 
structural instability. The final report of this Commission's very 
thorough investigation into instability covers extensively the behaviour 
of imperfect columns and was produced in 1977 (26 ). Their investigation 
involved the collection of a mass of statistical data on the variations 
in cross-sectional, mechanical and material properties; in rolling mill 
techniques and tolerances; in the initial crookedness of struts and in 
the magnitude and distribution of residual stresses. The work considers 
all the commonly used fabricated and prefabricated sections, and the 
result of the E. C. C. S. study is the recommendation for the use of a set 
of theoretical curves which take into account geometric and structural 
imperfections. Which of these curves is used is dependent on the 
cross-section being considered. 
Both the American and European investigations show that 
residual stresses can reach a magnitude as great as one half of the 
material yield stress. Fortunately however, the magnitude and effects 
of residual stresses are substantially less in rolled hollow sections of 
which extensive use is made in double-layer construction. 
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1.3.4 A Mathematical Summary 
It is convenient to summarise mathematically and diagrammatically 
the work reviewed to date. 
Elastic Buckling. 
If a perfect pin-ended column fabricated from a material of elastic 
modul US E and yield stres s cr Y, possesses a slenderness ratio of 
z/. r, 
then its Euler buckling stress aE, can be shown (19), to be 
(I E= IT2E 
2 
..... (1.1) 
and the limiting slenderness ratio (L/. r)*above which the Euler stress is 
applicable is given by 
Ti- - 
r 
...... (1 . 2) 
By the introduction of the non-dimensionalised stress R and 
effective slenderness ratio ý 
cr/cr y 
(2.3) 
L/. r 
/ 
(, L/. r) 
the buckling equations for a perfect pin-ended elastic plastic strut can 
be written as 
N=i for X: 5 i 
and N= j/ X2 for X >. Z (1.6) 
Equations (1.5) and (1.6) are plotted in figure 1.2 to show 
graphically the range of elastic buckling as predicted by Euler and 
Lagrange. 
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2. Inelastic Buckling 
Figure 1.3 shows a stress-strain curve for a material which does 
not behave in an elastic-plastic manner. For a stress a, greater than 
the elastic limit stress ay. the tangent modulus is taken as the slope 
of the curve at that stress, 
SCY 
6C ...... (l. 7) 
The tangent modulus theory assumes that ET is constant over the 
column section and the critical load is obtained from equation(M) 
CY 7T 2 
Clearly this load is dependent on the shape of f1gure 1.3 and Shanley (19) 
shows the effects of different stress-strain curves on column critical 
loads. However, the stress-strain curve for mild steel, figure 1.1 
shows that before the onset of strain hardening, E7, = o. Therefore, 
to prevent buckling at the lower yield stress it would be necessary to 
restrain a column while it underwent plastic deformation at that stress, 
thus allowing it eventually to gain strength as it strain hardened. 
Hence, a 'perfect' elastic-plastic column in the inelastic range will 
buckle on attainment of its material yield stress, provided it is neither 
very short nor restrained. 
This thesis is primarily concerned with steel structures so further 
discussion of the reduced modulus theory and Shanley's work is unnecessary 
(although concise derivations can be found in reference 27 ). 
3. Imperfect Columns 
The derivations of the secant and Perry-Ayrton formulae can be 
found in reference 28. The secant formula gives the critical stress 
GC. r necessary to produce extreme 
fibre yielding in a strut which is 
axially loaded with an eccentricity e. If c is the distance of the 
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extreme fibre from the neutral axis of the strut then the formula may 
be written as 
G= cr 'l + 
ic sec ( :L cr ) (1.9) cr 
r2 2r 
The imperfection parameter ec/r2 is termed the eccentricity ratio, 
the value of which significantly alters the critical load carrying capacity 
of a given length column. 
The Perry-Ayrton formula assumes an initial sinusoidal bow in a 
column and the critical column load acr is obtained from the relationship 
(cr 
y-a cr) -(a,, - Crcr) - TI - aE . act 
where n is the imperfection parameter and is dependent on the amplitude 
of the initial crookedness a 
ac Tj 
r2 
Using equations (1.3) and (1.4) the solution for acr 
(1.10) may be written as 
..... (1.11) 
-Cr =b-pb 
a. 12) 
X2 
y 
(1.13) where b= 
1- (1 +Tl) .1 2 X2 
in equation 
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Different'countries have adopted different values for r, and 
the choice of value determines whether the solution is purely dimensionless 
i. e. independent of yield stress. Some of these different cases are 
considered in the next section. 
1.4 Column Curves 
Section 1.3 has described the derivation and development of some 
of the many methods used to predict column strength. Although various 
initial assumptions are used the methods have a common factor in that 
they all relate critical strength to column length. Each relationship 
can be shown on a 'column curve' which is a plot of critical load against 
slenderness ratio. 
The column curve forms the basis of present day strut design and 
also serves as a means by which the different theoretical solutions of 
column strength prediction may be compared. Eight of the more commonly 
adopted curves are plotted in figure 1.4. The spread of the curves 
highlights the variations in the experimentally observed critical loads 
which have been used to justify particular theories. As some of the 
curves do not lend themselves to dimensionless form they have been plotted 
for Grade 43C steel (ay = 255 Nlmm 
2 
and E= 210 kNImm 2 
over the slenderness ratio range zero to two hundred. No safety factors 
have been applied to the curves for sake of comparison. 
Curve 1: The-Euler Curve for an ideal elastic-plastic strut 
The critical slenderness ratio (1=Z,. ) corresponds 
to a slenderness ratio of 90.15. 
Curve 2: B. S. 449. - The use of Structural Steel in Buildings. 
This uses the Perry-Ayrton curve with Ti = 0.00003 (LIr) 
The value of 71 was adopted in 1962 following the 
recommendations of Godrey ( 29). 
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Curve 3: B. S. 153. - The British Standard for Steel Bridges. 
The original Perry-Ayrton formula with n=0.003 L1r, 
this value is due to Robertson ( 24 ). 
Curve 4: The French Code of Practice. This curve is again based 
on the Perry-Ayrton formula using a value of 71 = 0.38. EZ .L 250 1 00. r 
which implies that column bow is worse in higher 
grade steels. The value of n was suggested by Dutheil ( 30). 
Curve 5: An Approximation of the New European Column Curves. 
Dwight (31) has approximated the complex form of the E. C. C. S. 
column curves, which were derived by Beer and Schultz (32). 
by the substitution of appropriate values of 'n in the 
Perry formula. This technique is currently being considered 
as a change to B. S. 449. 
The method assumes that struts shorter than a slenderness 
Of So, (= 7TJES/ay) where Es is the slope of the 
strain hardening portion of the stress-strain curve figure 1.1 , 
fail at a stress equal to the yield stress and so TI - 0. 
For other struts Tj =a (LIr-S 0) 
where (x depends on the 
shape of the section. Dwight suggests a value Of 01ý0.0020 
for circular tubes and that ES- 0.04 _r and these are 
the values used for plotting curve 5 in figure 1.4. 
Curve 6: The American Column Research Council Curve (33). 
The basis for this curve is the assumption that there is 
a stress (---0-5 aY )below which elastic buckling occurs. 
This upper limit to Euler buckling corresponds to a 
critical slenderness of C (=Tr 12-E-la Very short CVY 
columns are considered to fail at the yield stress and 
between the short column and critical*length column a 
smooth transition curve, arbitrarily defined as the algebraic 
equivalent of-a quarter sine-curve, defines the critical 
load for a given slenderness ratio. The entire curve can 
be expressed mathematically in two parts, 
fo r L/. r kc 
ac= CFE 
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= 
[I 
_2C 
2] 
(1 and for Llr <Ca2 cc 
Curve 7: The Rankine Curve. Godfrey (29) discusses the different 
forms of this curve and some of the different coefficients 
that have been used in modifications of it. The simplest 
form of the curve can be written as 
1-1+I...... 
(1.16) 
ac. r aE Cr Y 
and this is the curve presented in figure 1.4. 
Curve 8: The Secant Formula. Equation(I. 9)has been plotted for an 
eccentricity ratio of 0.1. It is interesting to note that 
this is the only curve of the eight considered which shows 
a short column not having a critical stress equal to the 
yield stress. 
1.5 The Post-Buckling Behaviour of Columns 
1.5.1 General 
The preceding sections have covered the factors affecting column 
critical loads and it is these loads which govern, to an extent, the 
magnitude of the load carrying capacity of a structure containing-such 
axially loaded elements. However, the full load carrying capacity of 
the structure may be reached after one or more compression elements have 
buckled, in which case it becomes necessary to know the contribution made 
to the structure by any such buckled struts. 
Figure 1.5 shows some of the types of load-axial deformation 
relationships displayed. by compression members. Curve (a) is the compre- 
ssive stress-strain curve which is applicable only to very short columns. 
Long, slender struts buckle elastically and show a 'load-plateau' 
type of post-buckling behaviour before losing their load carrying 
ability, curve (b). Intermediate length struts, as commonly used 
in double-layer grids, buckle plastically and show a 'brittle-type' 
post-buckling characteristic, curve (c). 
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The following section describes the development of column post- 
buckling theory and the factors which affect and determine the type of 
characteristic a failed strut will possess. 
1.5.2 Post-Buckling of 'Perfect' Columns 
Van den Broek, in the early 1940's (34). appears to have been the 
first person to have investigated the post-buckling action of columns. 
He defined the axial deformation after buckling to be the sum of the 
shortenings due to direct compression and flexure, and this definition 
has formed the basis of much of the surprisingly small amount of research 
performed in this field. 
Van den Broek approached the post-critical behaviour of struts by 
considering the changes in stress distribution over a column's cross- 
section caused by the column buckling. Initially, he investigated the 
case of the perfect, ductileg pin-ended strut undergoing elastic buckling. 
Figure 1.6. shows the assumed changes in stress distribution during the 
buckling of such a column. The column buckles at a uniform stress 
equal to the Euler stress aE, figure 1.6A (a E<a) and 
the 
buckling action causes the column to undergo a lateral deflection a figure 
3.1j, which creates a bending stress on the section and hence alters 
the stress distribution to that indicated in figure 1.6.2. 
Van den Broek assumed that the deformed shape of the column was 
sinusoidal and hence the axial shortening'of the column due to flexure SF" 
(section 3.2) is 
F-a2 Tr 
2 
4L 
..... (1.17) 
He then considered the axial shortening necessary to produce 
compressive yield in the extreme column fibre a... figure 1.6.3. 
The stress at this fibre consists of the SUM Of the direct stress aE 
and the stress due to bending. When this stress equals the yield stress 
then 
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ay= CrE (I + aCIr 
2) 
....... (1.18) 
By combining equations (1.17.. )and (1.18) Van den Broek arrived at the 
solution for 6 FY 
=Ly- 
IJE) 
2 
FY 
27rcE 
-I 
He observed from this relationship that the required flexure to 
produce extreme fibre yield would be substantially smaller for struts 
with slendernesses nearer the critical slenderness ratio (X = 1). 
He also stated that 6FY was a limit to elastic stability because as 
the material becomes ductile then the internal moment of resistance fails 
to balance the external moment and therefore to maintain equilibrium the 
axial load must reduce with increasing deformation. This explains why 
some struts on reaching their critical load maintain that load, exhibiting 
a load 'plateau' before shedding load while other struts are more 'brittle' 
and shed load immediately their ultimate load is reached and the type of 
characteristic displayed by a strut is length dependent. 
Van den Broek next considered the case of inelastic buckling although 
he presented no theoretical formulation for it. He surm-ised that the 
buckling stress distributions would now follow a sequence as shown in 
figure 1.7. Prior to buckling the stress distribution would be as indi- 
cated in figure 1.7.1-, however, on buckling because the stress on any fibre 
cannot exceed the yield stress then the distribution must change rapidly 
to that shown in figure 1.7.3 where the convex side of the strut has 
yielded in tension. This change necessitates passing through an inter- 
mediate stress distribution as shown in figure 1.7.2. ' When the stress 
distribution of figure 1.7.3is attained the strut is in ductile equilibrium 
but the change from figure 1.7.1to figure 1.7.3requires a 'sudden and 
precipitous' reduction in the strut's load carrying capacity. Van den 
Broek further argued that the drop in load necessary to re-obtain equili- 
brium conditions is a maximum for struts of critical length (X -, z). 
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This qualitative reasoning was not contradicted by the experimental results 
which he obtained from extended compression tests on Jill X lift X ill 
mild steel angle over a range of slenderness ratios of 100 to 306. 
It was Pari sin 1954 (35 ) who extended Van den Broek 's work and 
produced a mathematical formulation for the post-buckling behaviour 
based on the stress distribution of figure 1.7.3. The derivation of this 
theory and its limitations are discussed in Chapter 3. To augment the 
theory Paris conducted five experiments on ill square,, annealed hot rolled 
mild steel bars varying in slenderness ratio value -from 34 to 159. 
The care taken over the testing is reported and although displacement 
measurement was by dial gauge the resulting experimental points correspond 
very favourably with the theoretical predicitions. The shape of these 
results confirmed that two struts with slendernesses near the critical 
slenderness ratio (Llr = 78 and 118) showed a 'br-1ttle' type of 
collapse behaviour and that a longer strut (L/. r = . 159) on buckling 
maintained a load 'plateau' before shedding its load. 
The relationship between the length of the 'load'- plateau with the 
slenderness ratio of a strut has been researched in depth at the University 
of Melbourne. Stevens ( 36 ) reports the experimental results of strut 
behaviour in rigidly jointed trusses, which were obtained at Melbourne 
between 1949 and 1968. In particular the results of Lay ( 37) show 
that in general for struts with slenderness ratio values below sixty a 
'plastic' plateau can be expected. Roy ( 38) extended this work to 
include the elastic plateau effect exhibited by longer struts using the 
experimental results of Van den Broek ( 34 ) and Paris ( 35). 
Regression analysis was used to provide 95% confidence limits and the 
results show that mild steel struts in the slenderness ratio range 65 to 
150 buckle in a brittle manner, while other struts exhibit a loa d plateau 
with the plateau length being directly proportional to the strut slenderness 
ratio. These linear relationships somewhat oversimplify the post- 
buckling behaviour and some degree of scatter can be observed in the 
results (36). 
34 
Struts after buckling and 'shedding load' eventually deform 
at an almost constant axial load, the 'residual' load figure 2.4 
The relationship between strut length and 'residual' load has also been 
studied at Melbourne for use in non-linear structural analysis. The 
ratio of residual load to critical load was also shown ( 38 ) to be a 
minimum around the critical slenderness ratio which confirms the 
reasonings of Van den Broek. The experimental results dealing with 
residual load and plateau length are summarized graphically by Roy, 
Toakley and Stevens (39) although more detail can be obtained in 
references 36,37 and 38. 
The Melbourne work is of great value as it provides useful 
experimental evidence supporting the general theories of Van den Broek, 
although no post-buckling theoretical formulae- have been'produced. 
Marsh (2.1) derived two approximate post-buckling equations, which differ 
distinctly from that of Paris. The equations are based on the two 
most commonly adopted post-buckling assumptions, namely that the column 
assumes a sinusoidal deflected shape and that the axial shortening is 
due only to flexure and direct axial load. From these assumptions 
Marsh defined the effective axial strain e. as did Paris, as 
cr Tr 2a2 
+ (. E-) 
4L (1.20) 
or by introducing the Euler stress 
cr 
and the radius of gyration r 
..... (1.21) 
Marsh arrived at two equations by considering two methods of 
deriving a solution for the value of the lateral strut deflections a. 
The 'first yield' method was based on attainment of yield stress at the 
extreme fibre of the column mid-height (stress distribution - figure 1.6.3). 
By rearranging equation 0.18)he obtained a subsitution for a/. r of 
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MY -1) 
a 
He then assumed that -. and arrived at 
his first solution by C 
substituting this into equation(l. 22 ), and hence into equation(l. 21). 
This method is poor because Van den Broek's work shows that this particular 
stress distribution is not valid for all values of axial load and that 
the position of the neutral axis varies as the strut sheds its load. 
Therefore the value of r/c is a variable and cannot be readily 
approximated by unity. 
Marsh's second solution was based on a strut becoming fully plastic 
and for this condition he presented an approximate relationship between 
axial load 0' and the lateral deflection a, which was based on 
equilibrium conditions at column mid-height. 
, 2_ . 
La 9CY 
-Y 
ýazP 
where z is the plastic section modulus' P 
It can be shown that this equation is not approximate in the case 
of a solid rectangular section (as derived by Paris (35)). Marsh 
howevert further simplified the solution by assuming that 7p, IA 
equalled the radius of gyration Equation(l. 23)was then written 
as 
a cr 
cr Fy- a. 24) 
and the load-axial shortening relationship was obtained by substitution 
of equation(l. 24)into equation (1.21). 
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This method uses a better representation of the actual stress 
distribution in a buckled column and as such provides a better solution 
than Marsh's 'first yield' method. 
Nevertheless there is a significant error in Marsh's assumption 
that r= zP1A- The percentage error from the true radius of gyration 
is a constant of . 15.5% for rectangular solid sections and seldom drops 
below . 10% for practical circular hollow sections. 
Marsh adopted these assumptions to obtain a. single formula, 
independent of cross-section,, to represent the post-buckling behaviour 
of all columns. Had he not simplified his results he would have obtained 
the same solution as Paris ( 35 ). - 
Supple and Collins presented a paper ( 40 ) which extended the work 
of Paris to thin and thick walled tubes covering both the pinned and 
fixed-end conditions. This work is presented in the sequel as are some 
results from an experimental investigation by the same authors ( 41 
which show good agreement with the theoretical formulae. 
1.5.3 Post-Buckling of Imperfect Columns 
The post-buckling theories of the previous section have dealt with 
the perfect column, in comparison even less attention has been paid to the 
effect of imperfection on column post-critical behaviour. 
Yamaguchi( 42 ) at Surrey University presented theoretical formulae 
for eccentrically loaded circular and square hollow section struts in the 
post-collapse range and suggested that all other imperfection could be 
incorporated as equivalent eccentricities. The critical load of the strut 
was given by the secant formula as opposed to the squash or Euler load 
which apply only in the 'perfect' case. This reduction in critical 
load meant that the 'imperfect' curve lay beneath the curve of the perfect 
column, although the difference between the curves was shown to-reduce 
significantly as deformation increased. 
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A further difference in Yamaguchi's theory was the adoption of a 
not perfectly sinusoidal deflecte d column shape. He assumed that the 
buckled shape of a column was the mean of a sine curve and two straight 
lines representing the formation of a perfect hinge at strut mid-height. 
The effect of this assumption was to reduce the shortening due to flexure 
in the case of a perfect strut, thus producing a more brittle type 
behaviour. Yamaguchi arrived at a formula for the normalised strain 
6/L / CJYIE ) of 
(22+8). a) 2 
Cry 
and using the conditions of equilibrium at strut mid-height 
M= P(e + a) ....... (1.26) 
where e is the eccentricity of loading, he obtained a value for a 
and then substituted this into. equation 0.2ý to produce the required load 
axial shortening relationship. Yamaguchi further assumed that on 
reaching the ultimate load the column would undergo a permanent set 
equivalent to the strain at that load, Eu. This assumption allowed 
the strut to undergo positive axial shortening at all times unlike all 
the other theoretical studies. Therefore,, his final solution was 
obtained by replacing Tv with Zu in equation(I. 25) although it should 
be noted that this solution no longer represents static equilibrium 
conditions. 
For comparison with other 'perfect column' formulae the case e=0 
has been used in conjunction with equations(I. 25)and(l. 26). The curves 
of Yamaguchi, Marsh and Supple and Collins are compared in figure 1.8 
for a tubular strut with a slenderness ratio of 120 and wall thickness, to 
radius ratio of 0.17. Only Marsh's fully plastic solution is plotted. 
The most sophisticated investigation of column post-critical 
behavi our to date is that of Smi th 0 Ki rkwood and Swan ( 43 ). They report 
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the development-of a finite element technique used to predict both pre- 
and post-ultimate behaviour of imperfect low diameter to wall thickness 
ratio tubular struts as encountered in offshore platform construction. 
To verify analytical results they performed sixteen tests on pin-ended 
columns with diameter to thickness ratios ranging from thirty to ninety. 
These larger ratios however, were prone to local buckling (which was not 
considered in their theory) and are not encountered in space frame 
construction. 
The imperfections considered were initial out-of-straightness and 
the effect of different residual stress distributions caused by welding 
and cold-forming. To study pre-ultimate behaviour they adopted an 
iterative load incremental method with a provision which enabled any 
stress-strain relationship to be modelled. For the post-ultimate 
behaviour an incremental lateral displacement method was used with the 
column ends being unrestrained hence the load value became the unknown 
parameter. Theoretical results again showed that on buckling the strut 
in a static unloading condition undergoes an axial extension, although it 
is acted on by a compressive load. 
An approximate load-lateral deflection curve (identical to the 
thin-wall solution of Collins and Supple (40 )) was compared with their 
computer results for various length struts, figure 1.9. It is of interest 
that the thick wall solution of Supple and Collins would lie closer to the 
computer results than the thin-wall solution does. Smith et al. like 
Van den Broek, pointed out that for very slender columns the approximate 
solution over estimates lateral deflection because the assumed stress 
distribution is not attained as rapidly in the case of elastic buckling 
as in the case of inelastic buckling. 
The theoretical curves of Smith et al, show the effect of different 
imperfections on the load-deflection curve of different slenderness struts, 
figure 1.10. As the end shortening increases in the post-critical state, 
these curves converge and hence the effect of initial imperfections is 
reduced due to overall geometry considerations. This observation was 
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also found in experiments at Surrey University ( 41 and Chapter 4) 
performed on imperfect columns. 
The experiments of Smith et al in most cases confirmed their 
analyses although local buckling effects obscured some results as they 
produced discontinuities in the experimental post-buckling curves. 
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Figure 1.5 - Load-Shortening Curves for Different Struts. 
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LIAPTER 17/1 
2 
THE COLLAPSE OF DOUBLE-LAYER GRIDS. 
2.1 Introduction 
Collapse of a structure is taken as either the state in which it 
can no longer sustain applied load and becomes unstable or the 'serviceable' 
state at which a predetermined maximum deformation is exceeded. This 
Chapter deals with some of the literature related to the collapse of 
double-layer grids. Some of the limited number of experimental studies 
used to support theoretical work are also reported. 
Double-layer grids consist of members whose most significant stiffness 
is axial. Structural collapse of such structures will usually imply both 
the yielding of ties and the buckling of struts. Instability of the 
structure will be due to compression failures, assuming stable support 
conditions, although member instability does not necessarily imply overall 
instability, and because most practical double-layer grid systems avoid 
the use of very slender or very stocky members the buckling encountered 
will be plastic in nature. Therefore, attention is focused on the 
methods which take into account the instability of compression members, 
as such approaches would seem the most appropriate. 
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The non-linear and inelastic behaviours of many different types 
of structure are affected by both material and geometric non-1 ineari ties. 
Double'layer grids being of high stiffness before failure are not 
usually sensitive to geometric non-linearity and much of the research 
into their collapse has concentrated on material non-linearity, 
although as large deformations develop during collapse geometric changes 
should be considered. 
Many of the methods reviewed involve techniques which are based on 
'exact' methods of conventional 'elastic' analysis, in particular the 
! sti ffness method'. The development of 'elastic' analyses is not 
covered here but can be readily found in the literature (e. g. 1,44). 
There have been a large number of research studies on the elastic 
instability of structures, for example, the 'snap through' of domes. but 
this type of collapse is of limited relevance to flat stiff double-layer 
grids which are the subject of this investigation. Also omitted from 
this review is the literature concerning non-linear finite element studies 
which involve the subdivision of the structure into elements smaller than 
a single member, and the work which considers collapse due to dynamic effects, 
as these areas of research are considered to be outside the scope of this 
study. 
An attempt has been made to, categorize the work presented into 
sections related to the different methods which have been adopted to 
predict collapse behaviour. However, most authors cover more than one 
aspect of collapse behaviour and so some overlapping of the sections is 
unavoidable. Also presented is a section on the Force Limiting Device 
which attempts to overcome the problems that are encountered when struts 
buckle in double-layer grids. 
2.2 Theoretical Collapse Studies 
2.2.1 Ultimate or 'Yield Line' Methods 
The 'yield line' theory, as used in the plastic analysis of 
continuum slabs, has been suggested as a means of predicting the 'ultimate' 
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or collapse loads of double-layer grids. Different methods have been 
adopted which consider the structure either as'an equivalent plate or in 
its original form. All the methods assume a configuration of 'yield 
lines' or 'lines of rotation' across the grid, which will allow a collapse 
mechanism to form. Plastic hinges are assumed to form along these 
lines, and in general, the principal of virtual work is applied to find 
the 'ultimate load' which will cause structural rotation. Some of the 
proposed ultimate methods are discussed in more detail below. 
Schmidt in 1972 ( 4ý presented a lower bound ultimate theorem based 
on the Hillerborg strip method. The strip could be considered either as 
a planar truss or an equivalent beam. It was acknowledged that compression 
failure could not be accommodated in the method because of the accompanying 
loss in strut load carrying capacity. Also presented was a step-by-step 
analysis which showed that, for the square on square grid under consideration, 
as tension failures occurred in the bottom chord then a compressive membrane 
force developed in the top chord. Furthermore, on attaining the ultimate 
load, some of the top chord compression forces had more than tripled their 
value at the initial yield load. Schmidt rightly pointed out that to 
attain a safe strip method result would entail excessive overdesign of 
compression members and he developed a more conservative strip method which 
used an iterative hand sollition. 
Grigorian and Lashkari ( 46 ) in 1973, considered the collapse of a 
grid composed of interconnected plane trusses. Four modes of collapse were 
analysed corresponding to yield occurring in the top or bottom chords, 
or in the, diagonal or vertical bracing. The grid and collapse mechanisms 
are shown in figure 2.1. Two methods of calculating the structures ultimate 
load-were described. The first gave an upper bound solution, and was 
obtained from virtual work equations using a force displacement method and 
a second, lower bound solution was found using a finite difference method. ' 
"'he authors found that the upper and lower bound solutions were identical 
for a particular mode of collapse and therefore each mechanism produced 
a unique solution. The efficient design would be given by the one which 
caused the four failure modes to occur simultaneously. 
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The results obtained were dependent on obtaining compressive 
elastic-plastic behaviour, which is unlikely in the type of strut used in 
double-layer grids, (section 1.5). The problem of strut buckling was 
mentioned by the authors, and they suggested that buckling could be 
constrained by additional web bracing and suitable roof cladding, although 
these features were not considered in their methods of analysis. 
Another ultimate load technique that required struts to possess 
a plateau in their load-displacement characteristic, was presented in 
1975, by Marsh ( 2.1. ). The ultimate load carrying capacities of some 
simply supported square-on -square double-layer grids with uniform chords 
were obtained using both an energy method and a step-by-step analysis which 
simply removed any failed members. The differences in the two sets of 
results, for five loading casess ranged from 5% to 19%. Marsh observed 
that the required member behaviour could be obtained by using struts which 
buckled elastically. He suggested that a 'sufficient' length compressive 
'yield' plateau, to allow moment redistribution in the grid, would be 
provided by struts possessing an Euler stress of less than half their yield 
stress. However, such struts are impractical due to their length and 
low load-carrying capacity. For example, a grade 43C steel strut would 
require a minimum slenderness ratio of 127 to satisfy Marsh's requirements. 
The same year Dickie and Dunn ( 47 ) presented two yield line 
methods one of which took into account strut buckling. The methods 
differed in their approach for obtaining the available internal system 
energy. The first method used the moment-rotation (M-e) principle, 
whilst the second used the load-deformation (P-6) principle. In both 
cases the external work was calculated as the product of external load 
and the corresponding displacement. 
The M-e approach considered only tension failures in the lower 
chord with the moment being taken as the product of the grid depth and 
the yielded members components of force perpendicular to the yield lines. 
The P-6 method allowed for compressive failure and the internal work was 
given as the sum of the member yield forces times their axial extensions 
and the compressive residual forces times their axial shortenings. The 
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axial deformations used were those due to rigid body rotations not 
those due to axial force. 
The authors also presented an analysis technique which took into 
account roof cladding effects, non-linear pre-buckling behaviour and 
member failures. Failed members were removed from the structure and 
replaced by equivalent nodal forces whose magnitude were either the 
yield load or ten per cent of the buckling load, which allowed for load 
shedding in buckled struts. The three approaches were compared for six 
cases using three different grid configurations. The first two grids 
were essentially interconnected orthogonal plane trusses with the first 
grid being supported along its top chord and the second along its bottom 
chord. The third grid was of the diagonal-on-square type being composed 
of inverted pyramids. Six cases were obtained by changing the number of 
supports along the edges of the grids and by changing member sizes. Only 
the action of u. d. 1 was considered. The results showed very good agreement, 
with the yield line methods in all cases being within 3% of the analysis 
result. The effect of the roof cladding on the results was not discussed. 
The authors observed that for one of the cases the expected 'yield lines' 
of the slab analogy did not coincide with the member failures obtained in 
the analysis and therefore in this instance, they recommended that the 
analysis method should be the one adopted. 
That observation alone brings into question the applicability of 
'yield line' methods for use other than in preliminary design. There 
are other important shortcomings in such methods, namely, that in general 
a certain amount of elastic-plastic type compression behaviour is assumed 
and this precludes brittle-type buckling; that irregular overall geometry 
and external load positions cannot readily be taken into account; that the 
collapse sequence and ensuing force redistribution cannot be considered 
and that they fail to consider the deflections at the ultimate state which 
may be so large as to render the results -less meaningful i. e. the 
serviceability limit state may already have been exceeded. 
Engineers have realised that techniques for fully studying grid 
behaviour from initial loading through to final collapse are necessary. 
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Numerous computer analyses have been developed to do this with varying 
assumptions and degrees of success. Some of them are discussed in the 
next three sections. 
2.2.2 Step-by-Step Elastic-Plastic Methods 
The most commonly adopted approach to predicting structural collapse 
behaviour is th6 step-by-step method. A sequence of 'linear, analyses 
are performed, with each analysis (or step) determining the minimum change 
in externally applied load that causes the stress in any member to reach 
a critical value. As members fail, modifications are made to the structure 
to simulate the action of these failures. The different types of modi- 
fication used have given rise to several different step-by-step methods. 
The step process is repeated until a mechanism forms in the structure or 
until a pre-determined deflection is exceeded. 
The most simple step-by-step method assumes elastic-plastic 
behaviour for both tension and compression members, figure 2.2. The 
method has been adopted by a number of authors (e. g. 2.2,48). , 
and the basis of the technique is that, as members fail they are removed 
from the structure and replaced by equivalent nodal forces. Some authors 
replace the failed members with ones of nominal area to avoid problems of 
singularity in the stiffness matrix of the structure. 
, The use of the elastic-plastic behaviour model for double-layer grids 
can be criticised in that brittle type buckling is not catered for and 
therefore the results obtained are only valid for structures possessing 
either very long or very short struts. The consequence of assuming elastic- 
plastic behaviour in every member is that the resulting load-deflection 
response for the structure can show only increasing load carrying capacity 
with increasing deflection, right up to the ultimate load. Successive 
steps in the analyses will show decreasing positive gradient on the structural 
response curve as the structure 'softens' due to member removal. A 
typical result for a6x6 bay square on square double-layer grid is 
shown as curve a in figure 2.3. Such structural behaviour can lead to 
the misconception that double-layer grids possess high reserves of strength 
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beyond the load causing initial member failure. This is a consequence of the 
assumed elastic-plastic analytical model. As practical double-layer 
grids possess struts which demonstrate brittle-type buckling, further 
discussion of the results obtained from elastic-plastic step-by-step methods 
is unnecessary. 
2.2.3 Step-by-Step Elasti c-Resi dual Plastic Methods 
A technique which enables brittle type buckling to be partially 
modelled is the elasti c-resi dual plastic method. This approach is very 
similar to the elastic-plastic methods except that, now when a strut fails, 
instead of using an equivalent compressive nodal force of PC9 the 
residual compressive force 0. is used in subsequent steps of the 
analysis. The parameter ý is named the residual load factor and figure 
2.4 shows the basic member characteristic model. This model has been 
slightly altered by different authors to take into account any ductile 
behaviour which may be available at the inception of buckling. 
Roy, To4kley and Stevens in 1971 ( 39 ) presented a non-linear 
analysis technique suitable for triangulated frameworks which could be 
extended for use in double-layer grid collapse analysis. Both geometric 
changes and member failures were allowed for, and therefore the analysis 
was iterative rather than step-by-step in nature. However,, the model that 
was used to represent strut behaviour in the post-critical range is of 
interest. The strut post buckling behaviour has been seen to be length 
dependent, section 1.5, and based on experimental column observations, 
the authors adopted a model that accounted for elastic-plastic, brittle- 
type or elastic-buckling behaviour. The model is shown in figure 2.5, 
and the particular path a member was made to follow was dependent on the 
member slenderness. , The analysis 
did not allow for any strain-reversal 
in members and no experimental evidence wassupplied to compare with the 
theoretical results obtained for three simple structures. 
A similar model was used by Schmidt (49, ) in 1976. He reported 
earlier work ( 50 ) which had investigated the effect of varying the factor 
0 on the collapse behaviour of a given structure. These results, shown 
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in figure 2.3, indicate how the ultimate load can be overestimated by 
adopting techniques, such as the elastic-plastic method ( ý=l), which 
do not consider brittle-type column behaviour. 
Schmidt observed experimentally that eccentrically loaded 
struts show a load plateau at their critical load, unlike similar 
concentrically loaded columns. He developed an analysis, using 
the model shown in figure 2.6 to investigate the collapse behaviour 
of eccentrically connected space frames. A6x6 bay square-on-square 
double-layer grid with constant size members was analysed for different 
pl*ateau lengths and residual load factors. The results obtained are 
shown in figure 2.7, and they indicate that the more brittle the strut 
behaviour, i. e. the smaller ý, then the more unstable the structural 
response will be. However, with increasing plateau length a strength 
reserve can be developed in the truss for all values of ý, figure 2.7.3. 
Schmidt noted that eccentrically loaded struts not only demonstrated 
plateau-like behaviour but also possessed relatively higher values of 0 
but as a consequence of eccentricity possessed lower critical loads. He 
concluded that consideration be given to comparing the economics of 
using more material in members but utilizing cheaper bolted eccentric 
connections as opposed to using lighter members with more expensive 
joints. Both methods of construction for a given structure would provide 
the same initial failure load but the first method would furnish a strength 
reserve while the other would suffer from brittle strut failures. Further 
discussion of this approach is found in section 2.3.3. 
Li ( 51 ) developed an analysis using the basic residual load model 
of figure 2.4, and adopted a value for ý of 0.25. He compared his 
theoretical results with those obtained earlier by Mezzina, Prete and Tosto 
( 2.4, who used a similar analysis technique. Although good agreement was 
obtained in the structural load-deflection curves; the two methods predicted 
different failure patterns. Li does not comment on this. Later work by 
Collins and Supple ( 52 ), analysing the same structure, confirmed the 
collapse pattern of Mezzina et al. 
A source of error in the work of Li could have been his treatment 
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of the equivalent nodal forces for failed members. These forces should 
not be added to the external load vector in the analysis but should be 
applied to the structure separately. In this manner, the load factor 
which should be applied to the external load to cause the next member 
to fail can be calculated, and this factor is not then applied to the 
failed member forces. 
The removal technique is not entirely satisfactory, because as 
the structure becomes more degenerate due to member replacement then 
artificial constraints have to be applied to prevent numerical problems 
arising. Other drawbacks are that the compression behaviour is not 
accurately modelled, figure 2.4; that the removed members do contribute 
some stiffness to the structure, even if in the-case of compression 
failures it is negative, and that the effects of strain hardening cannot 
be accounted for. 
Therefore, step-by-step techniques which provide for modular, 
rather than membex replacement could provide a better approach to 
analysing the collapse of double-layer grids. 
2.2.4 Step-by-Step Modular Replacement Methods 
Such a technique was adopted by Supple and Collins ( 52 ) who 
in 1978 investigated the effect of strut brittleness on the collapse 
behaviour of some pin-jointed structures. Strain reversal, strain 
hardening and varying degrees of strut brittleness could be accounted 
for in the analysis, although geometric changes could not, and the 
model used to represent member behaviour is shown in figure 2.8. 
It should be noted that the slopes of the sections AB and GI of the 
member characteristic shown in this figure could not be taken as zero 
as this would imply member removal. The method of analysis was very 
similar to that described in Chapter 5, where a slightly more complex 
member behaviour model has been adopted. 
A simple trial structure, figure 2.9, consisting solely of 
compression members, all of which were assumed to possess the same post- 
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buckling characteristic, was analysed to demonstrate the effect of 
changing the strut post-critical slope on the collapse behaviour of a 
structure. The results are summarized in figures 2.10.1 and 2.10.2. 
It can be seen that as the slope a increases, i. e. the strut behaviour 
becomes more brittle, then the structure behaves in a more unstable 
manner, figure 2.10.1, and the available strength reserve decreases, 
figure 2.10.2. This is caused by unfavourable force redistribution 
due to the strut brittleness. The simple model highlights, even when 
used on a small trial structure, the importance of accurately modelling 
strut post-buckling behaviour in analyses in order that confident 
predictions can be made of structural behaviour and safety. 
Schmidt and Gregg (53 ) realised the importance of closely 
modelling column behaviour and introduced a 'dual load' method of 
analysis. The structural model they adopted is shown in figure 2.11. 
Whereas ýIhe method of Supple and Collins (52 ) superimposes the set of 
results obtained at each member failure, after imposing displacement 
control on previously failed members, Schmidt and Gregg analyse the modi- 
fied structure under the action of two load systems. The first is due to 
external load, the second due to a force intercept R (where 1-2,4, 
figure 2.11). Having produced two sets of forces at each step in the 
ana. lysis, the same process as used in member removal techniques is 
followed to determine the external load increment necessary to cause 
the next member(s) to fail. Strain reversal is not accounted for in the 
model. 
A6x6 bay square on square double layer grid was analysed for 
several different strut characteristics, figure 2.12.1. The results, 
shown in figure 2.12.2. reiterated the findings of Supple and Collins 
regarding . the need for accurate modelling of compression 
behaviour. 
A comparison was made with some experimental results (54 ). However 
as will be seen in the next section, the usefulness of these results, 
for veriffcation of analytical techniques is questionable, due to 
experimental and manufacturing imperfections. 
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2.3 Experimental Studies 
2.3.1 General 
The preceding section has reported some of the many different 
analytical approaches that have been used to predict both the ultimate 
load capacities and the post-elastic behaviour of double-layer grid 
structures. It should be emphasised, that such theories are only 
valid if they can accurately model real structural behaviour. Therefore, 
experimental studies are essential to the further understanding of 
collapse behaviour. 
The very limited number of such studies is witness to the 
difficulties and cost involved in performing laboratory controlled 
tests on double-layer grids. Most of the experiments performed to date 
have been carried out at the University of Melbourne and their approach 
towards experimentation has tended to concentrate on monitoring the 
collapse of 'practical grids'. Such tests are of great importance 
but due to the inherent large imperfections in practicalj ointing 
systems, etc., the results that are obtained may not always be suitable 
for comparing different, analytical techniques unless these techniques 
take imperfections into account. 
Collapse testing of double-layer grids is still very much in its 
infancy and this review reports much of the relevant work performed 
in this field to date. 
2.3.2. Ultimate Load Test 
Canon ( 55) in 1969 presented what is probably the first 
reported collapse test of a double-layer grid. The model tested was 
12.5 ft square and consisted of two sets of plane trusses, of different 
depths, 'threaded through' each other at right angles. The members were 
made from rectangular mild steel sections and the connections were bolted. 
The test was performed under load control with a u. d. 1 being applied 
to the structure by means of a water filled membrane. The result is 
shown in figure 2.13. Canon also presented a 'yield line' method 
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of analysis which assumed elastic-plastic member behaviour and a 
failure mode as would be expected in an orthotropic plate. Althdugh 
the theoretical and experimental results were within 5% of each other, 
the model collapse mode involved plastic buckling of members and'was 
not that predicted by the theory, figure 2.13. The full collapse curve 
could not be obtained in such a test as member buckling implies loss of 
load carrying capacity in the structure, and this cannot be readily 
accommodated in a load-controlled experiment. 
2.3.3 Step-by-Step Theories vs. Experiment 
Mezzina et al (2.3 ) conducted a full scale test on a6x6 bay 
corniche-profile double-layer grid as shown in figure 2.14. All the 
members were tubular section mild steel with external diameter 60.3mm 
and wall thickness 2.9mm. This produced approximate member slenderness 
ratios of 74 and 64 in the chords and webs respectively. The grid was 
jointed by welding special plates onto the ends of each member which in 
turn were welded to a formed plate which constituted the basis of the node. 
The grid was tested under load control with a single concentrated 
load being applied at the centre node. Due to this particular application 
of load the failure was very localised. The centre module of the truss 
was 'punched' through the rest of the structure. Initial tension 
failures in the bottom layer chords were followed by almost instantaneous 
buckling of the four top chord members and four bracing members which 
joined at the loaded node. Figure 2.14 shows the failed members. As 
the buckling occurred then the structure would have tried to shed load 
due to the brittle-type buckling involved. However, because load 
control had been adopted this occurrence would not be recorded and so 
only an ultimate load test was achieved. 
Two methods of analysis were also presented, the first was-a 
step-by-step elastic-residual plastic method using a value of zero for 
figure 2.4, the second used a linear programming yield line approach. 
The theoretical and experimental curves for the structure were in good 
agreement, figure 2.14, and despite the localised nature of the collapse 
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the yield line analysis was found to give an almost identical ultimate 
load as the step-by-step method. It is unfortunate that the tests 
were not conducted under displacement control as more information could 
have been obtained regarding the suitability of the analytical technique 
in predicting collapse behaviour. 
However, displacement control tests have been carried out by 
Schmidt, Morgan & Clarkson ( 54 ) to investigate the collapse of a 
structure possessing brittle type struts. They reported three tests 
that were performed on a6x6 bay model square-on-square double-lýyer 
grid fabricated from aluminium tube using the Triodetic joint system. 
This system relies on coining members ends to fit into special hubs 
and therefore imperfections due to lack of fit, eccentric loading and 
member geometry changes are unavoidable. The structure is shown in 
figure 2.10.1. The geometry ensured, that all the members were the 
same length. The members were made from the same size tube and 
therefore, every strut had a slenderness ratio of 67 thus ensuring that 
if a strut buckled it would exhibit a brittle-type characteristic. 
The structure was simply supported at all the lower chord perimeter 
nodes. Load was applied 'equally', to the model at four symmetrically 
disposed joints in the lower chord, figure 2.15.1, by means of a single 
turnbuckle and a beam system. Certain highly stressed members were 
strain gauged and seven joint displacements monitored. The same truss 
was tested three times, replacing any failed members after each experiment. 
To enable the tests to be compared with a step-by-step elastic- 
residual plastic analysis a set of tests was carried out to obtain the 
material properties and the strut post-buckling behaviour. The theoretical 
result and the band of the experimental collapse results is shown in 
figure 2.15.2., and the experimental results are shown in figure 2.15.3. 
The initial yield load was shown to be about 27% less than the 
theoretical prediction. The reasons for this discrepancy were partially 
accounted for by the authors. They suggested that the transition length 
struts used would show a si§nificant scatter in their critical loads and 
also that the structure suffered from high initial stresses due to lack of 
fit and the occurrence of joint slippages during the loading procedure. 
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An important distinction should be made as to whether the 
structures lower than expected failure loads were due primarily to 
member imperfection, or to overall structural imperfection. The 
banded nature of the experimental results, figure 2.15.2, plus the 
fact that the same collapse mode was obtained in each test, and the 
non-symmetric member forces observed in the 'elastic' range, figure 
2.15.4, all point towards overall structural imperfections. In 
addition, the large number of supports c9uld have caused loss of 
symmitry in the 'elastic range' of behaviour, as could the loading 
technique used. 
One of the major problems experienced in the present study was 
that of applying equal displacements to a structure. Due to the high 
stiffness of double-layer grids, only small differences in applied 
deflection are necessary to create large differences in the loads being 
applied to the structure. This results in loss of symmetry and 
could explain better the results of figure 2.15.4, than the assumption 
of lack of fit, which would create a more random discrepancy between 
theoretical and experimentalforces at the two different levels of 
applied load shown. Only mean applied load was measured and therefore 
some parts of the structure must have been subjected to higher external 
loads than other 'symmetric' parts. Hence the actual load being applied 
nearest to the first member to fail may have been significantly closer to 
the theoretical value than is indicated by the results. The use of a 
mean load could explain why the theoretical 'peakyl behaviour is not 
observed as the first member fails. If the same loading technique was 
followed in each test, then the same 'non-equal' loads could have been 
applied each time, and this would have caused the same failure mode to occur 
in each test irrespective of the scatter in the critical loads of the 
struts being used. 
The use of the same structure, with it's inherent imperfections only 
being marginally changed in each test, by the introduction of new members, 
also explains the good banding of the results. Although three tests were 
performed, because of the nature of the structural imperfections the 
results represent. variations of a single. test. 
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The initial theoretical instability was not seen for the reasons 
discussed above, however, post-initial failure ductility was observed as 
predicted by the program. The analysis was adopted to follow the 
pattern of collapse, that would be expected from the initial'member 
failures. The failure mode consisted. of two sets of parallel compre- 
ssion members in the top chord, running at right angles to each other, 
figure 2.15.1. The expected symmetric collapse was not observed and 
the authors presented a valid reason for this. Strut imperfections will 
cause one of the group of symetrically loaded struts to fail first. The 
force redistribution in the structure, as a consequence of the grids 
nominal torsional rigidity. causes extra load to be shed onto the adjacent 
parallel compression members, which subsequently fail . 
(This effect is 
also observed in the grid tests of Chapter 6). In addition, the brittle- 
type buckling causes a reduction in the overall applied load and the 
stresses in the other initially symmetric struts are reduced, hence they 
do not attain their collapse loads and symmetry is lost. 
Schmidt et al also presented a theory based on the final collapse 
mechanism which could predict only points A and B in figure 2.15.2. 
It was suggested that point B provided a good estimate of the ultimate 
load capacity of the structure. However, this presumes a knowledge 
of the collapse mode and that the chord sizes are of the*sa*ýe-size. 
Other factors which could have effected the tests that were not' 
discussed are, the use of a relatively large joint, and the different 
degrees of stiffness provided to the structure in the horizontal and 
vertical directions by the joint detail. However, despite the imperfec- 
tions inherent in testing a 'practical' structure, the theoretical 
analysis was shown to be able to predict fairly accurately structural 
behaviour. 
A concentrically loaded truss was tested by O'Meagher ( 56) 
which consisted of a square-on-diagonal grid loaded at twelve joints 
by means of a hydraulic ram and a beam system. Equal displacements were 
applied to the loaded nodes, but because most theoretical step-by-step 
analyses are based on load incrementation and not displacement incrementation 
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compatible comparisons of these test results with such theories cannot 
be made. 
The remainder of this section will deal briefly with some of the 
experiments conducted at Melbourne on eccentrically connected double- 
layer grids. These tests have been used to investigate the effect of 
imperfections on the inelastic behaviour of space frames ( 2.4 ) and 
more specifically the effect of eccentricity and member continuity on 
space frame behaviour ( 57 ). 
The conclusion reached in ( 2.4 ) was that the elastic stiffness 
of the structure was only slightly altered by imperfections. What was 
of more interest was the load-deflection plot obtained from the test on 
a relatively crude model, figure 2.16.1. Although the failure was by brittle 
buckling of some top chord members, the load-deflection plot was very 
rounded showing no sudden drops in load until a collapse line had formed 
across the grid, point B. A similar result was obtained in (57 ), fiCure 
2.16.2. Schmidt used an elastic-residual plastic analysis with varying 
assumptions to obtain a theoretical comparison with the experimental curve. 
As seen in figure 2.16.2, neither, fixed nor pinned end assumptions produced 
a result of significance. The experimental data obtained is interesting 
as it shows more favourable inelastic structural behaviour can be obtained 
by perhaps adopting eccentric jointing systems and longer continuous, span 
members. However, further research is necessary on both the analytical 
and experimental fronts to confirm the findings of the two experiments 
conducted to date. 
The number of collapse tests performed on double-layer grids 
has been found to be small. All the tests have suffered from both 
structural and experimental imperfections and a consequence has been that 
theoretical predictions of the initial failure loads of double-layer grids 
have always been overestimates. Theoretical collapse patterns have not 
always been followed, although Schmidt et al ( 54 ) have produced an analysis 
which does conform with experimental evidence. A great deal more experi- 
mentation is needed in this field in order to check analysis programs 
and there is a need also for accurate experimentation on concentrically 
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jointed structures as one of the major theoretical assumptions in much 
of the analytical work is that of concentric joints. 
2.4 The Collapse of the Hartford Coliseum 
2.4.1 Background 
Fortunately there appears to be only one reported failure of an 
actual double-layer grid structure. This was the Hartford Coliseum roof, 
Hartford, Connecticut, which collapsed on the 18th January 1978, under 
the accummulated weight of snow and rain. 
The grid geometry is shown in figure 2.17. The structure can be 
considered as being composed of a primary grid plus additional bracing 
'members. The primary structure was a corniche profile, square-on-square 
double-layer grid with overall top layer dimensions of 92.4 x 109.7m and a 
depth of 6.46m. This geometry provided constant length members of 
9.1m. The additional bracing members were provided in each inverted 
pyramid of the structure as shown in figure 2.17.2. The object of the 
bracing was to halve the length of the top chord members and the main 
bracing members. The steel primary structure was made of members which 
consisted of four equal angles bolted together to form a cruciform 
section, figure 2.17.3. The additional bracing was made up with single 
angles. The primary structure was jointed at gusset plates while the 
connections for the extra bracing were formed by bolting the bracing to 
plate and bolting that in turn to the primary structure. The grid was 
supported at four interior bottom layer joints which formed a 64. Om x 82.3m 
rectangle so that the grid had an overhang from the supports of 13.7m in 
each direction. Details of the supports, joints, members and the roofing 
arrangement are reported more fully elsewhere ( 58 ). 
At the time of collapse it was raining onto settled snow and there 
was an estimated load of 623N/m 
2( 58 ) being applied over the entire roof. 
The wind speed was between 16-30 km/hr with gusts of upto 34 km/hr. 
The wind could have caused drifting of the snow., giving higher concentrated 
loads at localised positions of the grid, although this consideration has 
not been mentioned in the technical reports of the collapse (58,59). 
62 
The collapse was sudden and dramatic with the entire roof falling to the 
empty stadium floor. Figure 2.18 shows an aerial view of the structure 
after the snow and roofing had been removed. Messrs. Loomis ( 58 
report that only a few members failed in tension and these failures were a 
consequence rather than the cause of the collapse. However, many 
members had buckled with two distinct 'lines of collapse' at right angles 
to each other being apparent, figure 2.18. 
2.4.2 Back-analysis of the collapse 
Messrs. Loomis ( 58 ) investigated the consequences of using the 
cruciform sections members with special reference to their critical 
buckling loads. For the length members used many of the members had 
critical torsionaz buckling loads that were lower than their critical 
iatera. z buckling loads. Bleich ( 27 ) also suggests that the cruciform 
section is prone to such a failure mode. However other authors (71) have 
pointed out serious flaws in the work of Loomis et al. 
In addition to their study on torsional buckling, the authors 
developed a step-by-step elastic perfectly plastic type program to 
investigate the collapse. The analysis showed that even under dead 
load 74 members would have exceeded their buckling load. The method they 
adopted was to assume these members failed simultaneously although this 
cannot be the case. All the failed members were removed from the structure 
and replaced by equivalent equal nodal forces plus members of nominal 
cross-section in order to keep the structure stable. The structure was 
then re-analysed under the same load and 16 more members were found to have 
buckled. No check was made in the program to see if the nodal displacements 
of failed members corresponded to strut behaviour. The 90 failed members 
were not listed or discussed in detail. However, the authors felt confident 
with the results from the program, although acknowledging the necessity 
of checking the results with data from controlled tests. 
The method adopted for the analysis was over-simple in that it 
neglected the brittle type strut behaviour implicit in the type of strut 
used and also ignored the sequence of collapses which could alter the 
collapse pattern due to force redistribution within the structure. A 
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better analysis was presented by Smith and Epstein ( 59 ). They adopted 
a non-linear iterative analysis which used theoretical strut post-buckling 
curves similar to those of Yamaguchi ( 42 ). The strut shortening curves 
which were used considered the effect of the extra bracing on the member 
characteristics of the primary structure, and were also non-linear in the 
phase prior to buckling, figure 2.19. Only the primary structure was 
analysed and the method of analysis was as follows. As a member neared 
its critical load it was removed and replaced by pairs of equivalent nodal 
forces. The structure was re-analysed to obtain the shortening of the 
'imaginary' replaced strut. flew estimates of the force in this strut 
were made from the member characteristic model and the procedure was 
repeated until equilibrium and displacement compatibility were achieved. 
The external load was then incremented. The results obtained were shown 
to give the collapse load and the collapse pattern of the structure 
reasonably accurately. However, what is not clear is why, when the initial 
critical strut buckled, it maintained its critical load under increased 
external load, rather than shedding load rapidly as would be expected from 
the adopted brittle-type member characteristic,, figure 2.19.. It would seem 
likely from the works of Schmidt (49) that this first strut should shed 
load and hence govern the initial collapse sequence rather than act in 
an almost elastic-plastic manner before shedding load. Nevertheless 
the method is probably one of the most advanced to date as it is fully 
nonlinear, although like most other theoretical analyses it should be 
verified against accurate experiments. 
2.4.3 Lessons Learned 
The Hartford Coliseum roof appears to have been subject to a number 
of design errors. Struts were found to be at or very close to their 
critical loads under dead load conditions and Loomis et al ( 58 ) reported 
evidence of members buckling during construction. The lateral bracing was 
seen to provide negligible stiffness to torsionaz buckling ( 58 ) and was 
also shown to be of insufficient stiffness to provide adequate lateral 
restraint against buckling (59 ) due to the connection detail. Smith and 
Epstein ( 59 ) also point out that should bracing fail it can mean that 
braced members become unbraced and collapse becomes progressive. 
64 
The conclusions of the latter paper emphasised the need of 
adequate methods in the design stage to prevent such tragedies 
occurring. Such methods could include suitable simple collapse analysis 
programs. 
2.5 Force Limiting Devices - FLD's. 
The direction of much of the recent work carried. out at the 
University of Melbourne has been towards finding practical solutions 
to overcoming the problems of brittle-type strut behaviour in space 
frames. Different authors ( 49,54) have shown, that brittle 
behaviour in struts can cause double-layer grids to be imperfection 
sensitive. Experimental results have verified that thi's may be the case 
when considering imperfect 'practical' grids (section 2.3). Schmidt 
( 57 ) has suggested, based on experimental observations (2.4,57) 
that favourable compressive behaviour can be obtained through the use 
of eccentric jointing systems, but no-suitable analytical technique was 
evolved. However, very recently a completely novel approach to the 
brittle-strut problem has been reported by Hanaor and Schmidt ( 60,61). 
They introduced the concept of Force Limiting Devices - FLD's. 
The theoretical basis of the concept was first reported in 1979(60). 
Artificial member ductility is induced into otherwise brittle members 
by means of FLD's. The FLD is connected in series with specific 
critical compression members, and comes into operation at a lower load 
than the strut critical load. Onýattainment of this load the member 
response changes to that of the FLD and member buckling is avoided. 
If the FLD can be designed to give an elastic-plastic type response, 
then more ductile post-initial failure structural behaviour may be 
obtained and the potential strength reserves of highly redundant 
structures may also be realised. However, the use of FLD's in a 
structure means that initial failure loads will be lower than for a similar 
identically sized conventional structure The required response of the 
FLD is shown in figure 2.20.1 and five suggestions as to how this could 
be achieved in practice,, with a test result for each one, are shown in 
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figures 2.20.2. to 2.20.6. 
Smith ( 62 ) discussing the possible use of FLD's Lelieved that 
more conventional design approaches could achieve similar results. 
However, his suggestion that some section members, such as tubes, could 
provide a sufficiently high post-buckling load is unfounded, as observed 
by Collins and Supple in both experimental and theoretical studies (40,41). 
The theoretical effect of FLD behaviour on a structure, was shown 
to be correct in principle, by Hanaor ( 61 ). He conducted experiments 
on both tubular steel and aluminium structures, some of which contained 
FLD's. Three groups of experiments were presented, with tests being 
performed on planar sub-assemblages, on small size 3x3 bay double-layer 
grids and on a full-scale structure. Two methods of fabricating FLD's 
were used. The most practical one was based on a metal cutting principle, 
figure 2.20.7, the other was the hydraulic cell approach, figure 2.20.2. 
The test results all indicated that improved structural ductility 
in the post-initial failure range could be achieved by the inclusion of 
FLD's. Some of the experimental curves are shown in figures 2.21.1 
and 2.21.2. However, as in previous experimental work at Melbourne, 
the quantative predictions of the structural behaviour by computer analysis 
were not achieved. This was again due to structural imperfections that 
are inherent in any grid tests, not being modelled in the analysis. The 
use of commercial jointing systems (Triodetic and Banford systems were 
used)introduces many imperfections such as lack of fit, variable joint 
constraint, non-symmetric initial geometry and joint slippages, all of which 
are random effects that are difficult to include in an analysis. Hanaor 
reports several instances of difficulties being encountered during structural 
fabrication, mainly to do with members lack of fit. Members were forced 
into position or cut to size in order to complete some of the structures 
that were tested. The geometric changes and the creation of initial 
stresses in the structure caused by these actions, explained why theoretical 
initial failure loads could not be reached. Also, in some instances the 
structure collapse patterns did not agree with predicted ones. Hanaor 
also reported non-functioning of FLD's and other prototype teething problems 
that are to be expected with a new development. 
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The most importan t information ste mming from the work of'Hanaor 
is the qualitative rather than quantitative nature of the structural 
response curves. These results show that in principle the FLD can be 
used in structures to improve their behaviour in the post-initial failure 
range. The exact merits and usefulness of the devices cannot be seen 
from the experiments due to the numerous imperfections in the'set-up, 
and the prototype nature of the FLD's used. 
No doubt more work and research will be undertaken to refine and 
develop the FLD and only then can experimental results be obtained, that 
will enable a full investigation into the applicability of these devices 
in space frame construction to be carried out. Some of the questions 
that will have to be answered in such a study must include - 
1. What are the effects of FLD failures, both individually and 
in groups on structural collapse? 
2. J'hat are the consequences of 'premature yielding' in devices? 
3. What is the workable lifespan of an FLD? 
4. Will the device operate at the same load after being subjected 
to cyclic loading? 
5. What is the effect of the device on the 'elastic' stiffness 
of, the structure, which must be reduced? 
-6., 'What are the tolerances on the load at which the FLD starts 
to operate? 
7. Nhat are the combined effects of bending and axial load on the 
devi ce? 
8. Which members in a structure'should be fitted with FLD's? 
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The answers to some of these questions would have to be 
based on the results of theoretical collapse studies Herein lies a 
problem. To date many-analyses have failed to predict accurately, 
observed experimental collapse behaviours. The reasons for discrepancy 
have been assumed to be experimental error. However, the fact that an 
experiment can be seen to contain imperfections does not necessarily 
support the validity of a theoretical analysis. Therefore, to 
investigate the behaviour of FLD's in structures, it is necessary 
first to be able to accurately predict the collapse behaviour 
of a structure without them. 
2.6 Concluding Remarks 
The discussion above, coupled with the observations made in 
section 2.3 on the experimental studies of double-layer grids prompts 
the question; "Which analyses are suitable to predict collapse behaviour? " 
The answer can only be based on experimental comparisons, and yetto the 
authors knowledge no really suitable experiments have been conducted 
with which to compare theories, although it. appears that general 
structural behaviour has in some cases been matched by theoretical' 
predictions'. If accurate experimentation can be performed that does 
provide good data with which a theory can be meaningfully and successfully 
compared then, that theory can be adopted to account for structural 
imperfections which occur in practical structures, and then be used to 
model say, FLD behaviour. Such an analysis would provide 
information about the stress distributions which occur in the 
structure as struts buckle. Until this redistribution is fully 
understood then the introduction of extra structural components such 
as FLD's may be of limited use. 
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Figure 2.1 - The Collapse Modes 
of a Doub3e-Layer Grid composed 
of interconnected plane trusses 
as per Ref. (46). Heavy lines 
denote member failures. 
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Figure 2.9 - Trial Structure used to investigate the effect of 
changing the post-buckling slope a on the collapse 
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Figure 2.10.2 -I Variation of 
post-critical strength with a 
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Figure 2.11 - Member 
Behaviour Model used in 
Ref. (53). 
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Figure 2.15.1 - The Double-Layer Grid tested in Ref. (54). 
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Figure 2.16.1- 
Experimental Curve from 
Ref. (2.4). Points 1-4 
are theoretical 
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Figure 2.20 - Examples of Different FLD's and their response curves. 
(1) Ideal Curve (2) Hydraulic Cell (3) Buckling Tube (4) Crushing Tube 
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THE THEORETICAL POST-BUCKLING OF STRUTS 
3.1 General 
A-theoretical relationship between axial load and total axial 
shortening, in the collapse phase after buckling is developed for 
tubular struts. 
The relationship is based on conditions of equilibrium and as 
such produces a static theory. 
The effects of tube size, end conditions, yield stress and 
deflected shape are considered. However, local buckling and the 
effects of imperfections are not considered. The results obtained 
are applicable to ideal -elasto-plastic tubular columns, and further 
discussion of the presented theory is found in Chapter 4. 
3.2 Basis of the Post-Buckling Theory 
Consider figure 3.1 which shows a pin-ended strut of length L, 
area A, flexural rigidity Ei and yield stress cr acted upon by an Y 
axial load P which produces an axial end-shortening 6. 
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The bowing of the strut may be taken as symmetric with maximum amplitude 
a at strut mid length. The objective is to determine the relation- 
ship between P and 6 in the collapse phase after buckling of the 
strut has occurred. The critical load for an ideal strut of perfectly 
elastic-plastic material is dependent on its slenderness ratio and 
will be either the Euler buckling load 
p=p. =7r2 
EI 
L2 
...... (3.1) 
or the squash load at which the compressive yield stress is attained 
* 
P=P =Aa y o. o. 
(3.2) 
An approach that may be adopted to find the post-critical behaviour 
is that due to Paris @ý in which the reduction in load P from the 
value P* is determined and the Euler buckling condition then provides 
a cut off value below which the results are valid. 
In this method the axial shortening of the strut is assumed to 
be the sum of the shortening due to direct stress and that due to 
flexure 
L 
0 
PL + (ds-dx) ....... (3.3) 
fn 
The integral may be expressed as 
f 
ds-dx) = :L dx 2j kdxj ....... (3.4) 
, and 
based on the work of Lin (q the x-y relationship is assumed 
to be sinusoidal 
y-a sin 
(ii-yl- ) 
....... (3.5) 
so that equation (3.3) then appears as 
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PL 
+ AE 4L (3.6) 
This is the required P-S relationship apart from the appearance of 
the unknown strut amplitude a By considering the condition of 
equilibrium at mid-strut 
Pa (3.7) 
where m is the moment of resistance of the central cross section, 
a may be eliminated. Substitution in equation 3.6 gives 
PL 
+ Ir2 (m 
2 
AE 4L p ....... (3.8) 
The moment of resistance m may be eliminated by assuming-a stress 
distribution at the central cross section which is governed by some 
geometric parameter e(say) and the yield stress aY The stress 
distribution will have an associated axial load 
fA 
adA =f (a 
y 
e) ....... (3.9) 
and an associated moment of resistance 
azdA - g(a y 
e) ....... (3.10) 
fA 
Substitution for e from equation (3.9) into equation (3.10) and then 
substitution for m from equation (3.10) into equation (3.8) produces 
the required P-6 relationship. Paris (35) assumed a fully 
plastic stress distribution as illustrated in figure 3.2 and thus 
derived the P-6 relationship in the post-critical state for a strut 
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with rectangular cross-section of depth h as 
h 
(P* 
p2 
'Z p AS 4L 
Paris further suggested the use of equivalent rectangles for other 
cross sectional forms provided the sections were not prone to local 
buckling. However, circular hollow sections, as used extensively 
in space structures, do not readily lend themselves to equivalent 
rectangular section solutions. Nevertheless, the Paris method can 
be extended to tubular sections by use of equations (3.8), (3.9) and 
(3.10), assuming no local buckling occurs. 
3.3 Thin-Walled Tubes 
The circular tube shown in figure 3.3 has external radius R 
and thin wall thickness t. If the stress distribution on the central 
tube cross-section is as shown in figure 3.2-then the axial load in the 
tube follows from equation'(3.9) as 
P= 2R ta (ir-6) = P* (I - 
4) 
y 7r 
and the moment from equation ( 3.10) as 
M= 4a R2t sin 
0 
y2 
....... (3.12) 
(3.13) 
Elimination of e between equations (3.12) and (3.13) followed by 
substitution for m into equation (3.8) gives finally 
S= PL +I 
P* R. cos IL 
2 
........ (3.14) AE L2 
in which it has been assumed that the cross sectional area may be 
approximated as 
A= 27rRt 
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The percentage error e, in the area 
mation is given by 
50t 
el R 
A due to this latter approxi- 
.. (3.16) 
in orderto keep the error el<2% (say) then 
E >25 For tubular 
Rt 
members with F <25 a new formulation is necessary and so discussion 
of the form of equation (3.14) is reserved until these thicker-walled 
tubes have been considered. 
3.4 Thick-Walled Tubes 
Consider now the circular tube with external radius R and, 
internal radius Ri as illustrated in figure 3.4 acted upon by the 
stress distribution given in f'igure 3.2. If the neutral axis is at 
a distance r from the centre 0 of the tube cross section such that-it 
subtends angles of e. and e. at o with respect to the external and 
internal radii then the axial load and the bending moment corresponding 
to the stress distribution follow from equations (3.9) and 3.10) as 
P=P* ER2(e -sine ) -Rý(O -sine eeeai 
46e. 
M=j CT ER3sin3 e- Rýsin3( -' )] (3.18) ye2 
for o: ýr: 5R,, and as 
P P* -a R2(e -sinO ...... (3.19) eee 
4 3( e HaR3 sin --Ij) ...... (3.20) ye2 
for R1 :5r: 5 R 
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In equations (3.17) and (3.18) only one of the e angles ee (say) 
is an independent variable since there is the geometrical relationship 
(see figure 3.4). 
ee61 
R COS (--Z-z) =R Cos e21 
For thick walled tubes equations (3.19) and (3.20) govern in the 
early stages of post-buckling and then equations (3.17) and (3.18), govern 
over the major remaining portion of the post-buckling regime. 
The solution is obtained by choosing values of r-over the 
range C): 5 r: 5 Re , which (from equation 3.21) determine the corresponding 
values of 6. and ej % hence the associated values of P and m 
are found from equations (3.17) and (3.18) or from equations (3.19) and 
(3.20). These values of P and m are then substituted back into 
equation (3.8) to give the post buckling load-deflection plot of P 
versus 6- 
If the wall-thickness of the tubular struts is in an intermediate 
range such that it may be considered as being onlymoderately thick 
then a more simple approximate solution can be obtainedby making the 
assumption 
ee6 (for all r 
The values of the axial load and moment in 
range are affected most by this assumption 
that in, spite of this, the P-6 curve is 
it is this curve which is of prime interes 
....... (3.22) 
the initial post-critical 
but it will be shown later 
only modified slightly and 
t. The axial load and 
moment equations now appear as 
P* 
11 
- ...... (3.23) 
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and 
(R 3R 3) cy sin 3 
eI. y 
(3.24) 
Again the solution can be obtained by selecting values of e and then 
determining values of Pand m to substitute into equation (3.8). 
However,, for plotting the P-6 curves it is usually convenient to 
select values of P, therefore rewriting equation (3.23) as 
sin6 + lt (. 1 - Fp ) P* 
(3.25) 
which is of the form e=F(e)with IF, (e) I<i, the iterative technique 
of algebraic transformation may be used to solve for e to any desired 
accuracy for'a givenxalue of L. The dimensionless notation P* 
TV =E=a (3.26) 
may be introduced at this stage. It is interesting to note that the 
relationship between e and Tv for the approximate solution as given 
by equation (3.25) is the same as that for a solid circular rod. 
The solutions for Be over the full range o: 5k: 5.1 calculated from 
equations (3.17) and (3.19) are shown in figure (3.5) for various 
values of ýt0 These are boundea by the thin-walled solution 
e given by equation (3.12) and the solution for the solid rod (and the 
approximate solution) given by equation (3.25). 
7 
Though the approximate solution does not give a good estimate 
for the position of the neutral axis (defined by e )At is sufficiently 
accurate for predicting the amplitude of buckling a, and hence the 
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end shortening of the thick-walled'strut. This is-borne out by the 
results indicated in figure 3.6 where R is plotted against-2 for a 
t Re 
very thick-walled strut (% =0.4) using the rigorous and approximate 
solutions. The bounding solutions of thin-walled tube and solid rod 
are also-indicated in this figure for comparative purposes. The test 
programme for which this theory is developed uses struts with wall- 
thicknesses typically of the order-L <0.2 for which the approximate R 
solution is very good indeed. e 
Since the amplitude a is sufficiently accurate then so is the 
end shortening 6 by equation (3.6). 
Figure 3.7 shows the quantitative form of the load end-shortening 
curves for pin-ended tubular struts derived from the approximate method 
of the foregoing theory for various values of slenderness ratio. The 
'cut-off' Euler buckling loads are not indicated in this figure. 
3.5 The Effect of Yield Stress 
If the normalised strain F(=sElLay) is introduced then 
. 
substituting with equation(3.0 the post-buckling equation becomes 
+E a) Gy 
(L2L' (3.27) 
The amplitude of buckling a can be shown to be dependent on 
the geometry of the cross section, from equations (3.7), (3.23) and 
(3.24). Therefore if R is taken as constant equation (3.27) shows 
that the post-buckling curve for a given length strut is yield stress 
dependent. This dependence is shown in figure 3.8 for a strut of 
slenderness ratio 90, with three different yield stresses. The 
curves plotted are for steel grades 43C, 50C and 55C which have 
yield stresses Of 255,355, and 450NI= 
2 rýespectively (B. S. 4360). 
It should be noted that although higher loads are sustained by higher 
grade steels their post-buckling behaviour is more unstable. This 
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may have an adverse effect on the collapse pattern and force redistri- 
bution of a highly redundant structure utilizing high grade steel. 
3.6 StrOts with Fixed Ends 
Consider now struts which are fully built in at the ends, 
figure 3.9 . The rotations at the ends of the strut will be zero 
and the deflected shape after buckling may be represented by the x-y 
relationship 
ff 
....... (3.28) y 
[Z 
- Cos (ZZI-Tx 
It can be shown that 
L 
0 
fdz2 
dX = 
(ar) 2 
x 4L ....... (3.29) 
and by use of equations (3.3) and (3.4) exactly the same load end- 
shortening relationship in terms of a is obtained as was found in the 
pin-ended case, equation (3.6). However, the equilibrium condition 
at mid-strut is now 
2M = Pa ...... (3.30) 
which substituted in equation (3.6) gives 
6 pL +Z2(M 
AE Lp).. 0 
This equation plays the role for struts with fixed ends as did equation 
(3.8) for struts with pinned ends and as such may be used with the 
three techniques adopted for calculating the 
ý' 
ratio for thin-walled, P 
moderately thick-walled and thick-walled tubes previously described. 
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Use of equations (3.12) and (3.13) with equation (3.31) gives the load 
end-shortening relationship for a thin-walled fixed-end tubular strut 
as I 
+ R. cos ....... (3.32) AS Lp 
(12 
* 
LP*) 
The post-buckling curves for the other two cases may be determined 
numerically as outlined for pin-ended struts in section 3.4. Figure 
3.10 illustrates the form of these fixed end curves for various 
slenderness ratios for a strut of moderate -S ratio based on the R 
approximate method. e 
3.7 An Alternative Deflected Shape 
The discussion to date has been based on the work of Lin (63), 
which showed the initial deflected form of a buckled strut to be 
sinusoidal. Consider now figure 3.11, which shows a buckled pin- 
ended strut whose deflected shape is composed of a sinusoidal hinge 
of length k bounded by two equal length straight sections. Such 
a buckled form is perhaps more representative of the actual shape a 
strut assumes as it incurs increasing lateral deflection. 
The length I is considered to be a function of the applied load 
p, and the connecting relationship must comply with two conditions. 
Firstly, at the inception of buckling the deflected shape must be 
sinusoidal and secondly, that as buckling procedes to a fully collapsed 
state, (; =0) then the sinusoidal section must tend to zero length so 
that the final buckled shape appears as two almost parallel straight 
segments with a very severe central kink. These conditions can be 
written as 
x- when i-i oe.. eu (3.33) 
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and k=0 when 'R, =0 (3.34) 
The most simple function to satisfy these two conditions relating 
applied load to deflected shape is the linear relationship 
Z 
ooo (3.35) 
At this point it must be noted that further experimental 
investigation is necessary to obtain more detailed information regarding 
the deflected form of struts in the advanced post-buckling region. 
However, an initial theoretical study can be undertaken using equation 
(3.35) and the assumed deflection characteristic of figure 3.11. 
The total post-critical axial shortening S can be expressed as the 
sum of the shortenings due to direct stress, flexure and other geometry 
changes 
L+ 2a2 
+ -Cosý) ..... (3.36) AS 42, 
where a is the amplitude of buckling in the central section of the 
strut and ý defines the inclination of the straight line sections of 
the strut, figure 3.11. By considering the gradient at the points where 
the straight sections of the strut meet the hinge section, and assuming 
that the equation of the hinge is as in equation (3.5), but replacing L 
by I. then it can be shown that 
alT 
taný -r 0 (3.37) 
As before the conditions of equilibrium at the strut mid-length 
together-with the stress distribution of figure 3.2 provide ihe necessary 
information to eliminate a from equation (3.36). The condition of ý 
equilibrium appears as 
X= P(a + 112 sine(L-2» oo. o. (3.38) 
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and the use of equations (3.35) and (3.37) enables equations (3.36) 
and (3.38) to be rewritten as 
A- Fi 92 +' tan2e + (1-i) (1-Co#) ...... (3.39) 
and ML 
-F =7 (2N taný + Trsiný (I-N)) ...... (3.40) 7r 
where Z and a have been eliminated and the only unknown variables 
are 6 and ý. 
The solution for ý and hence 6 is obtained by choosing a 
value of TV and by use of any of the equations (3.13), (3.18) and (3.20), 
or (3.24) then m1P can be found and therefore equation (3.40) can 
now be put in the form 
2N taný + Trslný(I-N) +K 
21TM 
where K PL 
(3.42) 
There is no suitable approximate method available to solve for 
0 in equation (3.41) and so the Newton-Raphson iterative technique 
is used. The solution is obtained by repeated use of the relationship 
(3.43) 
until subsequent values of ý are suitably close. The-value thus 
obtained can be substituted into equation (3.39) to finally acquire the 
axial shortening 6. 
Figure 3.12 shows a comparison of the results obtained from this 
theory and those obtained by assuming a purely sinusoidal deflected 
shape, for various values of slenderness ratio. Both sets of curves 
are plotted using equation (3.24) to obtain values for m1P . 
It should be noted that both sets of curves are dependent on the value 
of yield stress and the cross-sectional shape and that the effects of 
local buckling, changes in section geometry and imperfections are not 
accounted for in any of the theories presented in this Chapter. 
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Post-Buckling Deflected Shape. 
p 
1 
lij 0.6 
LLI 
(5 0. -= 
C. 4 
r. -Z 
0.2 
0.1 
p 
THE EFFECT OF THE ASSUMED DEFLECTED 
SHAPE ON THE POST-BUCKLING CURVES OF 
UNIFORM PIN-ENDED TUBULAR COLUMNS. 
CURVES PLOTTED FOR SLENDERNESS. 
RATIOS OF 40 70 AND 100 
MATERIAL AND TUBE PROPERTIES 
ARE AS PER THOSE OF FIGURE . 9.7 
SINE CURVE 
ALTERNATIVE SHAPE 
4Z 
------------------- 
7a9 10 
S7RAXNIYZELD STRAIN 
Figure 3.12 
97 
Chnbi 
P TER 
4 
THE EXPERIMENTAL POST-BUCKLING OF STRUTS 
4.1 Introduction 
An experimental investigation into the behaviour of mild steel 
tubular columns in the post-collapse phase was undertaken. The 
' 
data 
obtained from extended compression tests was to be used to investigate 
the validity of the theories produced in Chapter 3 and also as input 
data for the theoretical collapse analysis of double-layer grids as 
presented in Chapter 5. Therefore, the emphasis of the experiments 
was on obtaining accurate and reliable data using modern experimental 
techniques. A general view of the experimental set-up is shown in 
figure 4.1. 
A simple means of fabricating double-layer grids-was 
mentioned in reference (1.1). Tubular members are flattened at their 
ends and they are then connected by bolting through these folded ends to 
obtain the required configuration. This 'folded-end' condition was tested 
initially. 
The range of slenderness ratios tested corresponded to that used 
in most practical double-layer grid systems. The tests were performed 
on the same size tube as was to be used in the'model grids and this tube 
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was of sufficient wall thickness to prevent fracture when forming the 
end conditions and local wall buckling during the tests. 
i 
Although the results obtained were useful to the, investigation 
of strut post-buckling behaviour, the folded-end condition was found to 
be unsuitable for use in the experimental grid study. A rigid joint 
system was developed for that study and therefore a set of fixed-end 
column tests was also conducted. 
This chapter describes the experimental equipment, the folded-end 
tests, the fixed-end tests and a comparison of theoretical and experimental 
post-buckling curves. Further detail of the folded-end tests can be 
found (41), and the test reference numbers mentioned in the text refer 
to that study. 
4.2 Experimental Equipment 
4.2.1 General 
The experiments were performed under displacement control at 
room temperature. Measurements of axial displacement, axial load and 
temperature were recorded and all the measurements were made using 
electronic instrumentation which enabled the tests to be automated under 
computer control. Figure 4.2 shows schematically the general experi- 
mental system employed. 
4.2.2 The Loading Machine 
A Howden EU500 screw-type testing machine controlled by a Howden 
E179A Control Unit was used for all the testing. The linearity of the 
load cell was certified as British Standard Institute (B. S. I) Grade A 
at 20 0C by the manufacturers in a check performed just before the start 
of the test programe. 
The tests were conducted over a period of six months and to ensure 
accuracy the load cell was calibrated under computer control before and 
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after each days testing. The first calibration involved initialising 
the output signal to I volt and to check that-this did not wan'der 
excessively the second calibration was performed without altering the 
setting of the amplifier. The percentage change of the secon'd 
calibration from the first was always better than 1% and on over 80% 
of the days it was better than 0.5%. 
Different types of jaws were fitted in the loading machine 
to accommodate the different types of end condition being tested. 
I. Jaws for the 'Folded-End' Experiments 
The flattened ends of the tubular samples were clamped 
rigidly between 2x 50mm x 50mm steel angles. The angles 
were solidly connected to 150mm 9 steel pile which was bolted 
to the test machine at the lower end of the sample and screwed 
into the load cell at the upper end. These Jaws were only 
suitable for compression tests as not enough grip was-available 
to prevent slippage between jaws and sample during tensile 
tests. 
The tension tests were performed using the grip jaws supplied 
by the manufacturers. Initially problems were encountered 
due to slippage in the jaws but these were resolved by pinching 
flat an extra 10mm at each end of a test specimen and bending 
this extra length through 900 to form a hook around the base 
of the 50mm jaw grips. This added sufficient extra resistance 
to slip provided the specimen was slightly loaded at the start 
of the test. 
2. Jaws for the 'Fixed-EW Experiments 
The compression jaws mentioned above were modified slightly 
to perform the fixed end tests. The 50mm x 50mm angles were 
replaced by steel blocks which had II" square by I" deep 
recesses machined in them. The recesses were the same size 
as the end pieces of the test specimens (see section 4.5.2) 
and hence provided the 'built-in' support condition. The 
steel blocks were bolted rigidly to the 150mm 0 steel pile. 
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To carry out the tension tests J" 0 horizontal holes were 
drilled through the centre of each block and through the 
centre of the end pieces of the tensile specimens. A ill 
0 pin was pushed fully through the block and specimen to 
provide a pinned end condition. 
All three types of jaw used were rigorously checked for 
rocking and misalignment to minimize bending moments due to 
eccentricity of loading and end rotation. Lateral movements 
of all the types of jaw were checked using a sensitive dial 
gauge during trial tests and these were found to be negligible, 
,., he very slight movements detected-(<0.0002") being due to 
vibration of the loading machine. 
4.2.3 Displacement Measurements 
The different types of tests performed necessitated different 
types of displacement measurement. To obtain total axial deformation- 
R. D. P. D5/2000 linear variable differential transformers (LVDT transducers) 
were used. However, more accurate strain measurement was required to 
investigate material behaviour and for this purpose a dual R. D. P. Howden 
extensometer (DHE 25/50 type) with a gauge length of 50mm was utilized. 
At least one transducer was used on each test as it was the total 
axial displacement which was of prime interest. The transducers used had 
a working range of 
t 50mm and were of B. S. I. Grade A quality. Although the 
largest deflection to be measured was less thah 10mm the transducers and 
logging system were still accurate enough to observe the small deformations 
which occur in this range. 
Transducer holders were made which could be fixed on any of the 
sets of jaws being used in the testing machine. In general two transducers 
were used for a test and they were fixed at equal distances on either 
side of the sample on axes parallel to the centre line of the applied load. 
In this way any rotation of the jaws could be compensated for by averaging 
the output of the two transducers. In practice however, this was found 
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to be unnecessary. A spirit level was used to check that the 
transducers were mounted vertically. Figure 4.4 shows the transducers 
mounted on the folded end compression jaws in the loading machine 
during a test. 
The same two transducers were used during the entire test 
programme and they were calibrated with their individual amplifier 
regularly. The calibration was performed over the entire transducer 
working range (-50mm to +50mm in 5mm intervals using slip gauges) 
with the transducer in position on the loading machine. To improve 
accuracy each slip gauge was measured using a micrometer and this size 
was used in the computer program which monitored the calibration. 
The program scanned the transducer output signal 50 times, at each 
5mm level and obtained the mean and standard deviation of the output 
for that level. The standard deviation was calculated as a check on 
the variance of the output of the transducers. The best straight line 
was fitted through the 21 data points using the method of least 
squares and then the actual and computed displacements were compared. 
These were found to differ by less than 0.15% of the total working range 
in the worst instance and this compared favourably with the results of 
similar checks by Dianat(64). iýý, 
The dual extensometer was B. S. I. Grade A and was chosen in , 
preference to strain gauges because of its ease of usage. In addition, 
the experimental curves of Dianat (64) , show little difference between 
the values of strain obtained from this extensometer and the values 
obtained from quality strain gauges. 
The extensometer had a maximum travel of 1 Imm giving a 2% strain 
limitation and incorporated-two separate LVDT transducers thus enabling 
the extreme fibre strain on opposite sides of the sample to be measured. 
Each transducer was given its own signal amplifier. Again calibration 
was performed under computer control using a specially adapted micrometer 
(, 41. ). The two transducers were calibrated simultaneously in 0.5mm 
intervals from -lmm to +lmm using a least squares fit to obtain the 
millimetre/voltage calibration coefficient. 
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4.2.4 Temperature Measurements 
A Digitron thermometer with visual display and d. c. output was 
used to monitor the temperature. All the tests and calibrations were 
performed at a temperature of 200C 
t 20C. This check was performed 
to ensure the signal amplifiers were operating at a room temperature 
which would not effect their linearity, as some electronic components 
are susceptible to temperature change. 
4.2.5 Computer and Logger 
The measurement devices gave continuous output to a Compulog 
data logger made by Intercol Systems. This was scanned on a variable 
time interval by a Computer Automation Alpha-16 mini computer which 
was programmable in the BASIC language and software was written 
incorporating special CALL statements which facilitated the reading 
of the logger. 
The general test computer program consisted of the following , 
sequences. Firstly, the required initial data was. input and then the 
initial signals from the measurement devices were scanned, these readings 
were checked to ensure no errors had occurred during the setting up 
of the test. The loading machine was then started manually and the 
logger scanning proceeded automatically under computer control. 
The time interval between logger scans was dependent on the 
position of the strut on its theoretical load-displacement curve. High 
speed scanning was used as a strut approached its theoretical critical 
load to enable the sudden load shedding caused by buckling instability 
to be recorded as accurately as possible. More details of the test 
programs and logger can be found in reference (41). 
The computer program scaled the logger readings into physical 
quantities of load, displacement and temperature and output them on 
paper tape (using a high speed punch) ready for-subsequent analysis. 
The results were plotted on a Hewlett Packard 7221A Graphics Plotter 
which was driven by specially written software on the Alpha-16 computer. 
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4.3 Procedure for "Folded-End" Member Tests 
4.3.1 General 
The effects of strain rate and of slenderness ratio on the post- 
buckling curves of mild steel tubular struts with flattened end conditions 
were investigated. 
Manjoine ( 65 ) has shown that in general , the effect of 
increasing the strain rate in mild steel tension tests is to increase 
the material yield stress. Therefore, to enable the effect of strain 
rate on the post-critical strut behaviour to be investigated, rates of 
strain were-chosen which lie in the range of minimum variation of 
vield stress with strain rate (65 ). Three rates were used 10-5.5xlO_ 
5 
and 107 
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strain/second and these are referred to as the slow, medium and 
fast shortening rates. These rates were also suitable when considering 
the rate of load application adopted in the tests on model double-layer 
grids (Chapter 6). 
Eight slenderness ratios were tested, from 50 to 120 at intervals 
of 10, with three tests being performed at each strain rate giving a 
total of 72 compression tests. To obtain more information about the 
material and the effects of flattening the sample ends these tests were 
supplemented by five tension tests, four stub column tests and-six material 
compression tests. 
4.3.2 Material and Sample Preparation 
The factors governing the choice of material size for use in 
fabricating model double-layer grids for testing are discussed in section 
6.2. The material adopted was bright seamless mild steel tube of 
nominal diameter 9.52mm and of wall thickness 0.81mm. The tube was not 
heat treated nor was any attempt made to select very straight sections 
from which to make strut specimens. 
The samples for individual member testing were prepared in 
the following manner: - 
104 
(1) The tube was cut to a length which gave approximately 
the required slenderness ratio and each sample was labelled. 
(2) Damaged tube was rejected. 
(3) The tube ends were squared in a lathe. 
(4) The samples were individually measured and the average 
section properties of each sample were obtained using a 
computer program. Details of 101 measured specimens(41) 
show that the maximum variations from the mean values of 
area and radius of gyration were 2.3% and 0.7% respectively. 
(5) A length, L was pinched flat at both ends of every sample 
to simulate the folded-end jointing system. The flattening 
procedure was performed using two well aligned vices with 
modified grips, which were tightened gradually and alternately. 
The length 2, ' was 50mm for compression tests and 60mm for 
tension tests. 
4.3.3 Types of Test 
1. Member Compression Tests 
The 72 extended compression tests were performed to 2% 
axial shortening. Total axial shortening was measured 
using two transducers and no strain measurement was made. 
Figure 4.4 shows a test in progress. 
2. Stub Column Tests 
Random non-linear pre-buckling behaviour was obtained in the 
compression tests (see section 4.4.3) and to investigate the 
effect of pinching the tube ends flat, two stub column tests 
were performed at each of the two faster shortening rates. 
The slenderness ratio used in these tests was approximately 
equal to 15 and this length was chosen as it minimised sample 
length but allowed sufficient constant section material between 
the parts of the tube effected by the flattened ends to prevent 
interaction between them. Only total axial shortening was 
masured. 
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3. Material Compression Tests 
To investigate the material behaviour between the flattened 
ends six tests were conducted measuring both the axial 
strain using the dual extensometer and the. total sample 
shortening using a single transducer. Two struts were 
tested at each of the slenderness ratios $0,100 and 120 
using only the mean shortening rate. Figure 4.5 shows 
a material compression test after the inception of buckling. 
4. Tension Tests 
The extensometer and transducer were employed for strain 
and displacement measurements. Initially it was intended 
to perform three tests at each strain rate; however tests 
at the fastest rate showed that in tension the geometric 
changes due to the flattened ends elongating had a greater 
effect on the rate of strain actually being applied to the 
constant section portions of the sample than in the compression 
material tests. Therefore trial and error would be necessary 
to match the actual strain rate used in the compression tests. 
It was decided to obtain the yield stress for the fastest 
shortening rate from the compression test results as outlined 
in section 4.4.2. However, at the two slower shortening rates 
the yield stress is at a constant minimum value ( 65 ) and 
therefore five tests were performed at a slow rate of extension 
from which the material yield stress and elastic modulus could 
be obtained. 
4.3.4 Methods ofObtaining Material Properties 
1. Elastic Modulus, E. 
The mean value of strain obtained from the dual extensometer 
was used in determining the elastic modulus. The procedure 
adopted was based on finding the gradient of the best straight 
line through the stress-strain points obtained in each tension 
test. Every point below a stress limit of 200 N/mm 
2 
was 
considered and a computer program was written to perform the 
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the following operations. 
(a) For all the points below the stress limit determine 
a value for E, using the method of least squares. 
(b) Reject the points which lie more than l0v strain from this 
line. 
(c) Find a new value for E using the least squares method 
but neglecting the rejected points. 
(d) If the new value of E is within 0.25% of the previous 
one then it is the accepted value of the modulus. 
(e) If the new value changes by more than 0.25% then repeat 
from Step (b) using the current value of E. 
2. Yield Stress, ay. 
The tension stress-strain plot for bright as drawn mild steel 
offers no distinct value for the yield stress unlike the curve 
indicated in figure 1.1. The general form of the "bright" tensile 
curves obtained is shown in figure 4.3, and the yield stress was 
taken as the point of intersection of the lines AB and CD. 
The equation of line AB was found when calculating the elastic 
modulus and the equation of line CD was obtained by performing 
a least squares fit on the data coordinates between points C 
and D. Point C was taken as the position where three 
consecutive stress readings were approximately equal and point 
D was taken as 0.75% extension to avoid including any points 
in the strain hardening region of behaviour. 
4.4 Results of the "Folded-End'Member Tests 
4.4.1 Material Properties 
The plots of the five tension tests and six compression material 
tests can be found in reference 41. ' However, typical results from 
a tension and compression test are reproduced in figures 4.6.1 and 4.6.2. 
In both figures the broken lines are the extensometer results and the 
solid line is the transducer result. 
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Table 4.1 gives the material properties obtained from the 
five tension tests. These values of moduli were compared with the 
values of moduli obtained in the compression material tests. Table 4.2 
shows the compressive moduli values and the stress limits below which 
each modulus was calculated. There is good agreement between the two 
sets of results although the compressive moduli are slightly larger in 
magnitude. This is due to the use of lower stress limit values. 
The mean material properties were obtained using only the tension 
test results as is normal practice. 
Table 4.1 Tension Test Material Properties 
Test Reference 
No. 
Yield Stress 
N/mm 2 
Elastic Modulus 
N/mm, 
T90 243.5 200638 
T91 242.7 201500 
T96 246.8 211718 
T97- 247.8 203150 
T98 244.4 207519 
Mean Values and Standard 245.0 (0.9%) 204905 (2.3%) 
Deviations. 
Table 4.2 Compression Test Moduli Values 
Test Reference Stress Limit Elastic Modulus 
No. NIMM2 N/mm 2 
C79 180 207545 
C80 200 206594 
C81 150 203640 
C82 130 205272 
C83 130 207836 
C84 140 207273 
Mean Value and Standard 
I 
206360 (0.8%) Deviation 
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4.4.2 Strut Critical Loads 
The maximum axial stress attained,, and the direction in which each 
strut buckled is recorded in reference ( 41 ). The yield stress for the 
struts tested at the fast rate of shortening was obtained by averag ing the 
critical stresses of the six struts of, L/r = 50,60, and. one strut of L/r = 70. 
These struts all had critical stresses of similar magnitude and lie on 
the section of the Euler curve bounded by equation (1.5) and, it was 
assumed that they all attained their yield stres*S before buckling. 
2 The value obtained was 286.5 N/mm 
The critical stresses of the seventy two compression.. tests and 
six material compression tests are shown on a dimensionless load- 
slenderness plot, figure 4.7. Also shown on this figure are the pin- 
ended Euler curve and the pin-ended approximate European column curve, 
(section 1.4). The European curve does not lend itself to purely 
dimensionless form hence two curves are shown corresponding to the two 
different values of yield stress. 
The results are well banded and the additional end constraint 
provided by the folded ends explains why some of the-experimental data 
lie above the Euler curve, however, had the fixed-end Euler curve been 
shown all the data would have lain beneath it. An approximate means 
of predicting the critical stress of a typical test member was s hown (41) 
to be the use of the Euler formula with an effective length factor of 
0.985. 
The direction of buckling indicates to a degree the effect of 
any bending moments due to imperfections. While it has been shown 
(Chapter 1) that imperfections in column testing are caused by many - 
factors, the even distribution of the buckling direction in the tests, 
53% in one direction and 47% the other, indicated that bending moments 
due to jaw misalignment and rock were very small in comparison to those 
caused by sample imperfection. This was further borne out by the 
fact that the buckling direction was evenly spread for any given slender- 
ness ratio which indicates good alignment of the jaws as the effect of 
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applied eccentricity would vary with the distance between the jaws. 
4.4.3 Strut Load-Axial Deflection Behaviour 
1. Pre-Buckling Behaviour 
Thexesults of the seventy two column tests indicated two 
distinct types of pre-buckling behaviour. The first type, 
figure 4.8.1 exhibited a 'linear' type relationship between 
load and. displacement, whereas the second type, figure 4.8.2 
showed definite, non-linear effects in the same pre-buckling 
region. Fifty three per cent of the tests. showed the latter 
type of behaviour and the distribution of these results is 
shown in Table 4.3 below 
Table 4.3 Distribution of Non-Linear Pre-Buckling Behaviour 
A proximate Number of Non-Linear % Non-linear results T 
S enderness Ratio results at each at each slenderness (L/r) shortening rate ratio 
SLOW MEDIUM FAST 
50 1 3 3 78% 
60 1 1 3 56% 
70 2 2 3 78% 
80 3 0 1 44% 
90 2 1 1 44% 
100 1 0 1 22% 
110 2 2 0 44% 
120 1 2 2 56% 
% Non-linear Total non-linear 
Results of each results = 
shortening rate 54% 46% 58% 53% 
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The occurrence of non-linear behaviour appeared to be independent 
of strain rate but dependent on length with the shorter struts showing 
more non-linear results, Table 4.3. The stress at which non-linearity 
occurred was variable and so prediction of when or where such behaviour 
would occur was uncertain. However a general i sed statement would be 
that, the shorter the strut then the higher the critical load and therefore 
the greater the chance of obtaining non-linear behaviour. 
All four stub column tests exhibited similar types of non-linear 
behaviour and two of these results are shown in figures 4.9.1 and 4.9.2. 
The irregular strut behaviour makes it difficult to assess accurately 
the compressive yield stress of the material. As these struts were very 
short it can be concluded that the non-linear effects in the pre-buckling 
range are due to the behaviour of the yielded areas and geometry changes 
in the tube caused by forming the end conditions. Figure 4.10 compares 
a typical stub column after testing with an unloaded flattened end tube. 
Marked geometric changes can be seen and these contribute extra non-linear 
axial strains to the specimen and hence mask the actual stress-strain 
behaviour in the constant section portion of the column. 
This conclusion was confi med by the non-linear material compression 
tests, (see figure 4.6.2) where the extensometer results showed that the 
material away from the column ends behaved in a linear fashion whereas the 
overall strut behaviour as recorded by the transducer was non-linear. 
In contrast the tension tests did not show non-linear behaviour$ 
however, the effect of the end condition was to substantially reduce the 
effective modulus of the sample- figure 4.6.1, but again this reduction 
was seen to be very variable ( 
;l) 
and hence insufficiently predictable. 
2. Post-Buckling Behaviour 
The unpredictability of the pre-buckling behaviour in folded 
end tubes meant that an alternative method of model jointing was 
needed in order that reliable results from model grid tests 
could be obtained with which to compare theoretical grid 
results. However, the post-buckling behaviour of the folded- 
end struts, as represented by the load-displacement curves after 
ill 
reaching the critical load, was seen in all cases to be smooth and 
continuous. The absence of irregularities in these curves meant 
that the curves could be used to investigate the post-critical 
strut behaviour of similar struts provided pre-buckling deformations 
were suppressed. 
Curves were drawn of load versus axial shortening beyond the 
critical strain for columns of approximately equal slenderness 
ratio. The critical strain was taken as the strain at which 
a strut reached its critical load. These curves were used firstly 
to compare the behaviour of the three struts tested at each 
slenderness and strain rate and secondly to observe any effects 
due to changing the shortening rate by comparing three similar 
length struts with one chosen from each rate of shortening. 
Some of the results are given in Appendix A. l. 
The results show that the shape of these curves and hence the 
post-critical behaviour is very repeatable for a given slenderness 
ratio, and that although every sample must have possessed a 
different degree of initial imperfection this had a' much greater 
effect on the critical load than on the post-buckling behaviour. 
In fact as the axial shortening increased the post-buckling curves 
converged very rapidly. The effect of the rate of shortening, 
as investigated, appeared to have had very little effect on the 
post-buckling behaviour. However, very fast shortening rates 
may produce different results as the initial post-buckling behaviour 
is a dynamic phenomenon. To investigate'fully this initial 
behaviour would require a quicker scanning rate than that possible 
using the equipment described in section 4.2. The effect of yield 
stress could not readily be investigated because there was 
insufficient difference in the magnitude of the two yield stresses 
observed in the tests. 
The above observations on post-buckling behaviour were borne out 
for all the tested slenderness ratios and s. train rates and the 
experimental curves and comparisons have been fully reported (41). 
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4.5 Procedure for "Fixed-End" Member Tests 
4.5.1 General 
The unpredictable pre-buckling behaviour experienced with the 
"folded-end" tubes necessitated the development of an alternative 
method for fabricating double-layer grids suitable for laboratory 
testing. A- system was adopted (section 6.2.3) which comprised of 
constant length members connected together at prefabricated rigid 
joints. The members were to be welded to the joints and it was felt 
that such a system would guarantee better linear elastic behaviour than 
the folded tube system. 
A set of tests were. performed to investigate the non-linear 
tensile and compressive behaviour of mild steel samples of the same 
length and end condition as those to be used in the model grids. These 
fixed-end tests were also necessary to check the strength and reliability 
of the proposed jointing system. Time considerations unfortunately 
did not allow a more in depth investigation into the post-buckling 
behaviour of the "fixed-end" strut, such as that undertaken for the 
"folded-end"-columns. 
4.5.2 Material and Sample Preparation 
In order to have sufficient material from which to fabricate four 
double-layer grid models it was necessary to purchase a new batch of 
mild steel tubing of the same nominal size as the first material used 
(section 4.3.2). Trial tests on the new material showed it to be 
considerably work hardened and of variable yield strength. Therefore, 
to obtain a more uniform material it was necessary to stress relieve the 
tube in an air circulating furnace. Dianat ( 64 ) describes a successful 
and repeatable annealing process and this procedure was followed using 
exactly the same equipment. Figures 4.11.1 and 4.11.2 show the results 
of tension tests on a bright as drawn piece of tube and on a similar piece' 
of stress relieved tube, respectively. These figures illustrate the 
marked differences between the two tensile behaviours. The bright steel 
was more brittle, possessed a higher yield stress and fractured at a strain 
of less than 2%. The annealed steel was much more ductile but, was of 
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a lower, distinct yield stress. The extra ductility of the annealed sample 
is clearly seen in figure 4.12 which shows two test specimens, which were 
initially of the same length. One specimen has been tested to fracture, 
the other has not been loaded. The extension at fracture was, in this 
case, in excess of 10% of the initial length. 
Figure 4.13 shows the jig which was used to prepare the test 
specimens. A specimen comprised of a 340mm length of annealed tube 
with li" mild steel cubes welded on each end, which simulated a typical 
member between two joints in a model double-layer grid. The jig 
ensured the centre-to-centre spacing of the cubes was a constant 360mm, 
the same length as used in the model grids. The shoulders on the jig 
kept the cube alignment square to the line of the specimen. A 5mm deep 
9.5mm 0 hole was provided in the centre of a face in each cube to locate 
the tube in the required position. This depth of hole allowed free 
longitudinal movement of the tube before welding and hence prevented lack 
of fit stresses. The specimen was connected to the jig by two 2 B. A. 
bolts, as shown, which passed through the cube centres. These bolts 
were securely tightened and then four spot welds were applied to each 
end of the tube using a Mig arc welder. The welds were centred at 90 
0 
intervals around the tube circumference. Porous or poor welds were 
rejected as were samples where a hole was burnt through the tube wall. 
The same welding technique was adopted during fabrication of the model 
double-layer grids. 
4.5.3 Types of Test 
Six tension tests and six compression tests were performed on 
annealed samples which were prepared as described above. In all twelve 
tests the measurement devices used were the dual extensometer and a single 
transducer. 
To investigate any effects due to welding, a single tension test 
was performed on a bright as drawn sample which was prepared and then 
heat treated. 
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All the tests were performed at a strain rate of 10-5 strain/second. 
4.5.4 Methods of Obtaining Material Properties 
1. Elastic Modulus, E. 
The method described in section 4.3.4 was adopted but using 
a stress limit of 325 NlmW. 
2. Upper Yield Stress, ayu. 
The upper yield stress was taken as the maximum value of 
stress attained in the elastic range of behaviour. 
3. Yield Stress, ay. 
The yield stress was taken as the stress at the point of 
intersection of the line defining the elastic modulus and 
the line obtained by performing a least squares fit on all 
the experimental points lying between 0.25% strain and 1% 
strain. These strain limits were chosen after considering 
the form of the tension test curves. 
4.6 Results of the "Fixed-EndO Member Tests. 
4.6.1 Material Properties 
Table 4.4 shows the values of the upper yield stress, yield stress 
and elastic modulus obtained in the six tension tests. The standard 
deviations obtained from the six results indicated a larger scatter in the 
values of yield stress of the specimens tested. There appeared to be a 
connection between the tube wall thickness and the material yield stress,, 
Table 4.4. Sample TF18 was of a smaller wall thickness and lower yield 
stress. This variation in the tube size implied that the new tube had 
been drawn at different times and therefore probably out of different 
grade ingots. The deviations were much improved if specimens TF13 to TF17 
were assumed to be of the same material and TF18 was neglected in the 
calculation, Table 4.4. The variation in yield stress of the new material 
was also observed in other tests and is further discussed in sections 4.6.2 
and 4.6.3. 
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Table 4.4 Material Properties, Fixed End Tension Tests 
Sample Upper Yield Yield Stress Tube Wall Elastic 
Number Stress N/mm 2 N/mm 
2 Thickness mm Modulus N /mm2 
TF13 400.1 394.7 0.809 203159 
TF14 391.2 375.8 0.812 199947 
TF15 384.7 378.1 0.807 199659 
TF16 379.1 371.4 0.802 199567 
TF17 362.2 357.0 0.805 200661 
TF18 343.0 330.7 0.766 203936 
Mean and 
standard 376.7(5.5%) deviation 368.0(6.0%) 0.800(2.1%) 201155(l. 0%) 
all six results 
Meanoand 
standard 383.5(3.7%) deviation 375.4(3.6%' 0.807(0.5%) 200599(0.7%) 
neglecting TF18 
Two typical tension test results are shown in figures 4.11.2 and 4.15. 
The results from the transducer plots indicate that there was some "bedding 
in" or rock of the jaws and this phenomenon was observed in all six tests. 
This effect meant that a value for the effective modulus of the samples 
could not be obtained because of the extra axial deformations caused by slack 
being taken up in the system. However, this was not a problem in the 
compression tests and so a value for the effective modulus could be obtained 
and this value, the compressive modulus and the stress limits below which 
they were calculated for each strut, are shown in Table 4.5. Again the 
elastic modulus obtained from the compression tests was slightly higher 
than the modulus obtained from the tension tests. This is due to the use 
of lower stress limits in the calculations. 
The effective modulus was seen to vary more than the material modulus 
and this could have been due to welding effects and/or material non- 
homogeneity. A typical compression test result is shown in figure 4.16. 
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Table 4.5 Material Properties, Fixed-End Compression Tests 
Sample 
Number 
Stress 
Limit N/mmý 
Elastic Modulus 
Em, N/mm2 
Effective Modulus 
Es, N/mm2 
Es/ Em 
CF19 - - - - 
CF20 250 200891 166383 0.828 
CF21 250 203862 184599 0.906 
CF22 200 202466 173987 0.859 
CF23 200 206739 165513 0.801 
CF24 300 209817 168284 0.802 
ean and standard M deviations 204755 (1.7%) 171753 (4.6%) 0.839 
The result of the tension test on a sample which was welded and then 
heat treated is shown in figure 4.17. It can be seen that the material 
yield stress was very much lower in this case and this cannot be 
attributed to the welding because the extensometer result showed yielding 
of the material in the centre of the specimen. 
4.6.2 Strut Critical Loads. 
The column critical stresses are given in Table 4.6. The scatter of 
the load values was large and although column imperfections could account 
for such discrepancies, the difference in the wall thickness of the struts 
and their post-critical behaviour (next section) again indicated that the 
tests were performed on materials of different yield stress. 
Figure 4.14 shows three of the struts after failure. The direction 
of buckling was random because, unlike the folded-end strutso the fixed-end 
columns could buckle in any direction not just in one of two directions. 
The variation in buckling direction indicated that any bending moments due 
to imperfections in the experimental set-up were small. 
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Table 4.6 Strut Critical Stresses and Sizes 
Sample 
Number 
Critical Stress 
N/mm 2 
Tube Wall 
Thickness mm 
CF19 Data tape damaged - 
CF20 278.0 0.809 
CF21 294.5 0.810 
CF22 243.0 0.768 
CF23 204.4 0.767 
CF24 340.9 0.807 
4.6.3 Strut Load -Axial Deflection Behaviour 
A comparison of the compression test results is made in figure 
4.18. The folded-end tests had shown that the strut post-critical 
behaviour was very repeatable for any particular slenderness ratio. 
This repeatability was not initially apparent in the results obtained 
from the fixed-end tests. However, it can be seen that some of the 
curves do lie close together, and it is suggested that these curves were 
obtained from struts of similar grade material. This assumption is 
borne out by considering the tube wall thicknesses, Table 4.6, these 
indicate that the struts which behave similarly in the pott-critical 
range are of the same wall thickness, and this again implies that the 
different size tubes came from different batches of material. There 
appear to be three types of material. 
As in the folded-end tests the magnitude of the strut critical 
stress is more affected by imperfection than the post-buckling curves, 
which converge quickly after buckling. This is because inherent small 
eccentricities and out of straightnesses effect the critical load of a 
strut but these imperfections are then masked by large geometry changes 
which occur after buckling. 
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4.7 Comparison with Theory 
4.7.1 General 
The results from these extended compression tests were used to 
investigate the validity of the strut post-buckling theories presented 
in Chapter 3. A full comparison of the two sets of curves cannot be 
made because the theoretical curves are derived from equilibrium conditions 
and as such are load dependent and represent a static situation whereas 
the experimental curves were obtained under displacement control and 
therefore represent a dynamic situation. However,, parts of the curves 
may be used to compare the experimental and theoretical behaviours. 
Consider the idealised column post-buckling behaviour in the early 
plastic region, figure 4.19. The curve ABCDE represents the theoretical 
post-buckling solution whereas the experimental unloading path is more akin 
to path ADE. In a real structure reversal of column end displacements 
at the inception of buckling is very unlikely and so the buckling phenomenon 
will be dynamic. Therefore, in the early phase of post-buckling the 
theoretical solution is invalid for real struts and the experimental curves 
should be used to model the structural behaviour. 
The idealised experimental behaviour of a strut can be described as 
fol 1 ows. On reaching its critical load the strut will buckle and because 
strain reversal is impossible under displacement control the strut becomes 
unstable and sheds load suddenly and dramatically to regain the equilibrium 
path ABCDE. As observed in other work ( 35 and 43 ) if the testing machine 
were infinitely rigid then the path followed would be AC. However the 
loading machine acts in an elastic manner, and at the inception of buckling 
extra displacements are induced on the sample due to the release of strains 
within the machine itself. These displacements cause the instability 
path AC to take on a slope and hence the strut follows path AD. Paris (35) 
suggested that if the machine acted as a linear spring then the gradient 
of the path AD would be constant irrespective of the samples size and 
length. This effect was not observed in the compression tests conducted 
but could be further investigated using a very high speed data logger. 
on regaining equilibrium at point D the strut may be considered to be in 
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a static condition and therefore the lower regions of the experimental 
and theoretical post-buckling curves can be meaningfully compared. 
4.7.2. "Folded-End" Test Comparisons 
The strut post-buckling curves were derived for pinned or fixed-end 
conditions whereas the actual end conditions used must lie between these 
two limiting cases. The axial shortening of the strut 6T was taken as 
the sum of the shortenings due to the flexure S',, and the direct load 
6 
P. 
If the pin-ended flexural shortening is denoted by 6F then the 
general deflection equation can be written as 
12 
K 
where K is the effective length factor. (K= I is pin end-condition, 
K= o. 5 is fixed end condition). 
It has been shown ( 41 and Appendix M) that the post-critical 
behaviour is very consistent for struts of equal slenderness. Therefore 
it was only necessary to compare one strut from each slenderness ratio 
with the theoretical curves for that particular strut ( 41). These 
Comparisons are reproddced in Appendix A. 2. Three theoretical curves are 
shown in each comparison and they correspond to effective length factors 
of 1,0.7 and 0.5. The value of 0.7 was chosen as it lies between the 
two limiting values Of K and is of interest as it also corresponds to a 
strut which is pinned at one end and fully fixed at the other. However, 
it is not suggested that this is a valid representation of the folded-end 
condition. The theoretical curves are drawn using the approximate thick- 
wall theory assuming a sinusoidal deflected shape. 
The extraneous pre-buckling deformations have been suppressed to 
enable the post-buckling behaviours to be compared more easily and the 
deflection axis refers to shortening beyond the strut critical load. 
The starting point for the experimental curves was taken as midway between 
the pre and post-buckling pin-ended theoretical curves. This was 
considered to be a reasonable assumption based on general stability theory. 
The properties were taken as the mean values obtained in Table 4.1. 
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4.7.3 "Fixed-End" Test Comparisons 
The experimental curves are compared with the approximate fixed-end 
thick-wall theory and the fixed-end thin-wall theory in Appendix A. 3. The 
sinusoidal deflected shape theory is assumed. The slenderness ratios 
quoted are based on each strut having an effective length of 320mm which is 
the clear constant section distance between the welds on the specimens. 
The material properties used in the comparisons are discussed 
in Appendix A3, 
4.7.4. Discussion of Comparisons 
The theoretical results for the thick-walled approximate theory 
appear to give a conservative solution to the actual strut behaviour. 
However, the shapes of these curves are quite similar to the experimental 
curves obtained and bearing in mind the simplicity of the idealised 
theoretical approach and the limitations of the comparison, the theory 
does provide a reasonable representation of strut behaviour in the post- 
critical range. 
The result of test reference CF23 is of interest as it is 
the only result obtained in the entire series of tests which shows 
a pronounced discontinuity in the strut post-buckling behaviour, 
figure A3.3. The behaviour cannot be attributed to the welded end 
conditions because a similar effect was*recorded by the extensometer 
in a region away from the welds, figure 4.20. The discontinuity 
in the behaviour of the strut therefore appears to have been 
caused by a defect in the material. 
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Figure 4.1 -A General View of the Compression Test Experimental Set-Up. 
122 
USER 
Teletype Control Unit_ 
High Speed 
Tf 
Paper Punch Computer Test Machine 
100, 
Temperature 10011% 
Measurement Logger Load Call 
Amplifier 111 Amplifier 211 Amplifier 311 Amplifier 
LDTIL0T2 
L0T- Linear Displacement Transducer 
Figure 4.2 - Schematic Representation of the Experimental System. 
STRESS 
Yield 
Stress 
A 
0.75% STRAIN 
Figure 4.3 - Method of Determining the Yield Stress. . 
strain 
hardening 
123 
Figure 4.4 -A Folded End Compression Test in Progress 
(showing the end conditions and displacement transducers) 
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Figure 4.5 - The Dual Extensometer in use during a Compression 
Material Test. 
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Figure 4.10 - Orthogonal Views of a Tested Stub Column and an Untested 
Folded-End Tube showing the changes in the end geometry. 
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Figure 4.12 - Tensile Fixed-End Specimens before and after testing. 
(scale in centimetres) 
Figure 4.13 - Jig for manufacturing Fixed-End Specimens. 
Figure 4.14 - Three Buckled Fixed-End Specimens. 
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THE THEORETICAL COLLAPSE BEHAVIOUR OF DOUBLE-LAYER GRIDS 
5.1 Introduction 
PASF'is a computer program,, written in the FORTRAN language, 
which was developed specifically for investigating the inelastic 
structural behaviour of pin-jointed structures. The program was 
implemented on ICL,, CDC, PRIME and DATA GENERAL computers and as such 
relied on the use of standard FORTRAN IV. 
The collapse analysis is based on the direct stiffness method 
and involves a sequence of non-iterative linear analyses. The analysis 
was made non-iterative to-simplify the program and hence reduce computer 
storage and time requirements. The reason for this approach was that 
it was felt that initially a simple structural modelling of the member 
characteristics should be considered and that the results from this 
modelling should be compared with experimental observations. The 
applicability or otherwise of such a model would therefore be established 
before engaging in a more rigorous and complex computing exercise. 
In addition should the simple model provide accurate enough predictions 
of structural behaviour, the more advantageous it would become for use 
in engineering practice. 
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5.2 The Mathematical Model 
In general a pin-jointed skeletal structure may be considered as 
a collection of interconnected individual elements. The progressive 
collapse of such idealised structures can be viewed as the sequential 
collapse of these individual substructures. In this ttudy it was 
assumed that the structural element consists of a single member connec- 
ting two nodes, although it should be noted that for some modular type 
structural systems this assumption may not necessarily be applicable. 
Figure 5.1 shows the adopted mathematical representation of a 
typical member. This simple model consists of six linear phases 
representing the entire tens i on/compress ion loading path and also 
provides for "elastic" unloading from any position on this path. 
Elastic unloading implies that a member will assume its elastic modulus 
should strain reversal occur. 
To assist computer implementation and graphical output, each 
phase of the mathematical model was assigned a "state number" and a 
table of these numbers is also shown in figure 5.1. In the computer 
program, as members reach discontinuities in their loading path (i. e. 
require a change of "state") then their stiffness is modified accordingly. 
For instance, if an unbuckled strut reaches its critical compressive 
stress then it changes from state number 0 to state number -1 and takes 
on a negative stiffness to simulate the post-buckling curve. Such a 
change in state produces a discontinuity in the overall structural response 
(load-joint deflection or load-axial stress curves) and to clarify 
graphical results the following notation has been adopted. A symbol 
of the form 
I il iI 
appended to a graph at a discontinuity indicates that the member connecting 
nodes i and j has changed to a new state represented by state number n. 
Each change in state is termed a "collapse" and is given a number, (1,2,.,,, 
k collapses). In general each collapse is a local collapse and the 
actual structural collapse load is obtained from the total load-displacement 
history. 
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The model does not allow for perfectly plastic behaviour in 
tensile members as this implies a zero member stiffness and requires 
in effect the removal of a member from the stiffness matrix which may 
lead to singularity problems as the structure becomes more degenerate. 
Neither does it allow for perfectly rigid strut post-buckling 
behaviour as this requires an infinite negative stiffness for a buckled 
strut and this would again cause numerical difficulties. The computer 
program was written so as to permit only positive values of moduli 
for tensile behaviour and only negative values for compressive behaviour. 
5.3 Obtaining Data for the Mathematical Model 
The preceding section describes the structural model used in 
the computer collapse analysis. An early version of this analysis 
was used to demonstrate the effect of the post-buckling slope on the 
overall structural behaviour of some simple trial structures (52 ). 
The results illustrated the need toaccurately- model the tension and 
compression characteristics of a member, especially the latter. The 
experimental results of Chapter 4 show that the theoretical post- 
buckling curves of Chapter 3 provide a good basis from which to model 
post-critical behaviour and therefore a computer program was written 
which fitted three straight lines closely but conservatively to these 
theoretical curves. Figure 5.2.1 helps to illustrate the method of 
obtaining three straight lines to simulate the theoretical post-buckling 
curve and figure 5.2.2 shows the result for a particular strut. 
Consider figure 5.2.1, the theoretical post-buckling curve is 
represented by ABCDEFGH but from the discussion of section 4.7.1. 
it is assumed that a perfect inelastic strut in a rigid structure follows 
the path ABC EFGi. Practical struts howevers do not attain their yield 
stress a. but buckle at a lower stress ac, which is shown as point B. 
There is good reason to assume that a line passing through points B and 
E can be used to represent the initial post-buckling phase, and a comparison 
of the gradient of this line with experimental results showed this 
assumption to be reasonably well founded. Next consider line JGK, 
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the third post-buckling phase. The experiments of Chapter 4 show 
that the post-buckling theory underestimates the residual loads of real 
struts and to improve this situation the third phase of the model was 
. taken a§--the best straight line fi. t to the theoretical points, 
lying between points F and H using the method of least squares. The 
strains cl and C2 were chosen by consideration of experimental data. 
The second post-buckling phase, line IJ was obtained by considering all 
the lines constructed by joining consecutive theoretical points on the 
curve between points E and G. The particular line was taken as the one 
which minimised the sum of the areas EIE' and E'JG. Due to the form 
of the theoretical post-critical curves this line will always lie under 
the curve and therefore provides a conservative solution. The total 
compression behaviour was modelled therefore by the series of lines 
ABIJK. 
The magnitudes and lengths of these lines are dependent on the strut 
type (size, length, end conditions), the critical stress ac and the 
values of el and C2 0 The critical stress was taken as the value 
obtained from the approximate European column curve (section 1.4) and 
the values adopted for cl and C2 were 77- and 5% for pin-ended 
struts and 2% and 10% for fixed-ended struts. The results for 
the fixed-end case were used in comparing the computer program results 
with the grid tests of Chapter 6 and the pin-ended case was used for 
comparing the collapse characteristics of the double-layer grids of 
Chapter 7. 
Modelling mild steel tensile behaviour is an easier exercise. 
The length of the plateau was taken as 12 times the yield strain and the 
strain hardening curve was assumed to have a slope of 0.04 times the 
elastic modulus. In the experimental grid/theory comparison the tension 
results of Chapter 4 were used to obtain the member tensile behaviour. 
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5.4 PASF, The Computer Program 
As indicated PASF is a collapse analysis computer program for 
pin-ended structures based on a series of linear analyses using the 
direct stiffness method. A flow chart of the program is shown in 
figure 5.3 and the program can be considered in three parts - input, 
analysis and output. 
5.4.1 Input 
The data for the square-on-square-double-layer grids used in 
the model tests was generated automatically by PASF which included 
generation of the joint coordinates and a member list. However, the 
data for the six different double-layer grids in Chap. ter 7 was generated 
by Dr. Jaime Sanchez of the Space Structures Research Centre at the 
University of Surrey using the principles of formex algebra ( 66 and 67 
plus a set of specially prepared FORTRAN subroutines (68). This data 
consisted again of the member lists and joint coordinates and was read 
into PASF from data files. 
Other input included member cross-sectional properties, material 
properties, joint constraints, the unit nodal loading system and the 
description of the mathematical model for each member type. 
5.4.2 Analysis 
The analysis is based on the following basic assumptions and 
considerations. That 
a) the structure is pin-jointed and behaves in a 'linear' fashion. 
This means that 
b) the stress redistributiorsdue to geometric changesare not 
taken into consideration. The assumption is acceptable 
provided that total joint deflections can be considered as 
very small relative to the overall dimensions of the structure 
and the use of this assumption means that iterative techniques 
are avoided. Therefore, 
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c) the program is only applicable to structures which possess a 
high stiffness, such as most practical double-layer grid 
systems. 
The steps which the program takes can be simplified as follows: 
(1) After generating or reading the initial data the unit load 
vector and the banded primary stiffness matrix are formed 
and stored. The stiffness matrix is stored in vector form 
to decrease array usage. 
(2) The joint constraints are applied and the solution for the 
nodal displacementý an'd hence the. member stresses'due to. the 
self-weight of the structure is obtained. The Modified 
Cholesky Method is used for solving the set of simultaneous 
equations represented by the matrix equation 
K. 
where K is the stiffness matrix,, W is the load vector and 
d the nodal displacement vector of the structure. 
(3) The primary stiffness matrix is recalled from store, 
constrained and a set of displacements is obtained due to 
the application of the unit load vector. 
(4) The minimum factor which needs to be applied to the unit load 
vector to make any member(s) reach their critical load (in 
tension or compression), or within a given percentage of that 
load is found using linear scaling. This factor is termed 
the first Critical load factor and subsequent collapse loads 
obtained in the analysis are given as ratios of this factor. 
Therefore, the initial collapse factor is unity and a grid can 
only possess a strength reserve if any subsequent collapse 
load is greater than unity. 
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(5) The primary stiffness matrix is recalled and any failed 
members (i. e. members at a discontinuity in the structural 
model) are removed from the matrix and replaced by the 
member stiffness submatrices which are formed using the 
modular value corresponding to the next phase of the member 
loading path. 
(6) The incremental nodal displacements are determined from 
the modified stiffness matrix and unit load vector. 
(7) The crux of the solution procedure is now reached. 
The new incremental stresses of all the 'N' members which 
changed state at the 2ast =22apse are made to conform 
with the next phase of their member loading characteristic. 
For example a strut which buckles (point F, figure 5.1) 
must produce a positive force increment to follow path FG. 
If the solution has produced a negative increment then 
the sign of the applied load is reversed and the load factor 
will decrease and an unstable structural state is indicated. 
(8) A second check is now made to ensure that all other W 
failed members are undergoing strain increments which are 
compatible with their positions on their structural model. 
This means that a member which has failed in tension must 
still be extending and a failed strut must still be shortening, 
unless they are in an unloading phase in which case the 
sign of the axial displacement is immaterial. 
(9) If this is not the case then it implies that the modified 
structure does not produce a compatible solution and there- 
fore some of the IMI members are attempting to unload. 
Now for these IM' members there are 2m-1 possible combinations 
of modular values,, any of which could produce the unique 
solution required. However, each combination requires 
recalling, modifying, constraining and decomposing the 
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the stiffness matrix before ascertaining whether the 
correct combination has been found. This process could 
become expensive in computer time and becomes a type of 
iterative solution in the number of times the stiffness 
matrix is decomposed, which is contrary to the initial 
objectives of using a simple model. Therefore the 
program was made interactive, leaving the users experience 
and the possible use of symmetry to obtain the combination 
of loading and unloading members which satisfy the 
criteria of steps 7 and 8. If computer time is not as 
important as computer size then this interactive process 
can be easily eliminated. 
(10) Having obtained conforming incremental stresses then the 
factor necessary to produce the next collapse is found. 
This is achieved by allowing each member to reach the point 
where it next requires a change in stiffness, calculating 
the change in external load involved and selecting the member 
which produces the smallest load increment (which is equal 
to the unit load times the incremental load factor). 
(11) The new incremental 
joint displacements 
superimposed on the 
collapse. A check 
require a change in 
this collapse stage 
accordingly. 
load factor is applied to the incremental 
and member stresses and these are 
displacements and stresses of the previous 
is made to find all the members which now 
stiffness (i. e. which have "failed" at 
and their state numbers are modified 
(12) Each cycle defined by steps 5 to 11 is termed a "collapse" 
and the results for each collapse are output. The program 
repeats steps 5 to 11 until a collapse mechanism forms which 
is indicated by matrix singularity or until a prescribed 
displacement limit is exceeded. 
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5.4.3 Output 
The load factor, maximum joint displacement and selected joint 
displacements and member stresses were output into a computer file after 
each collapse. This file was subsequently printed or punched on to paper 
tape for analysis. The tape was used in plotting the results using the 
plotter and computer described in section 4.2.5. 
5.5 Res ul ts 
Theoretical results from PASF are found in the next two chapters. 
It can be seen that in many of the examples member unloading is needed to 
satisfy modular compatibility. The loading path predicted by PASF 
is an idealised one and is not the path a real structure will follow because 
in reality the factor governing collapse will be imposed as increasing 
load or increasing displacement. However, PASF does predict co-1. zapse 
pattezms and in the case of a structure undergoing controlled displacement 
the idealised loading curve can be truncated where joint displacement 
is reversed to obtain an approximation of the true collapse curve. 
Further discussion of the theoretical results is found in 
Chapters 6 and 7. 
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SECTION STATE Na DESCRIPTION 
EF 0 ELASTIC RANGE 
FH -1 COMPRESSIVE FAILURE 
GO -2 ELASTIC RECOVERY FROM -1 
HJ -3 SECOND PHASEOF BUCKLING 
IN -4 ELASTIC RECOVERY FROM -3 
JL -5 RESIDUAL COMPRESSIVE LOAD 
KM -6 ELASTIC RECOVERY FROM -3 
EC 1 TENSION YIELD 
DQ 2 ELASTIC RECOVERY FROM 1 
CA 3 STRAIN HARDENING 
BP 4 ELASTIC RECOVERY FROM 3 
Figure 5.1 - The Member Characteristic Model. 
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INPUT and Check Data, set no. of collapses NCOL to zero. 
F6rrd the Primary Stiffness Matrix K, and store it. 
Constrain K and solve for self-weight stresses 
and deflections. 
\1/ - .. 
Recall and constrain K, apply unit external load 
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Find minimum factor to cause any member(s) to 
, reach 
its next stiffness change. 
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Apply factor to unit stresses and displacements 
and add these to prev . ous cumulative values. 
- '*k NCOL = NCOL +I and OUTPUT Results. 
Has structures displacement limit 
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No V/ 
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combi nati on to gi ve resul t. 
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Figure 5.3 - Flow Chart for Program PASF. 
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THE EXPERIMENTAL COLLAPSE BEHAVIOUR OF DOUBLE-LAYER GRIDS. 
6.1 Introduction 
An assessment of the validity of the assumptions employed in the 
idealised theoretical collapse analysis program could only be accomplished 
by comparing theoretical results with physical measurements made upon 
suitable structures. Available experimental data from other collapse 
studies of double-layer grids is limited (section 2.3), and therefore 
a set of laboratory tests was performed on small double-layer grids. 
There is a tendency to explain discrepancies between theoretical 
and actual structural behaviours on experimental error and structural 
imperfection rather than on inadequate analytical assumptions. The 
numerous imperfections in structures cannot readily be quantified and 
because practical structures possess many imperfections, results from 
experiments on such structures will not always provide sufficient 
information to assess the suitability of different techniques of analysis, 
unless a large number of tests are carried out. An alternative approach 
is to test with care, a few accurately manufactured model structures in 
which analytical assumptions are more closely adhered to and imperfections 
minimized. The latter approach was adopted in this study. Similar 
accurate studies have been successfully performed at the Space Structures 
Research Centre (64,69). 
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To simplify manufacture, a square-on-square configuration double-layer 
grid was chosen for the experimental program and four grids were fabricated. 
Three loading cases were examined and the fourth test was a repeat of one 
of the other loading cases using a grid with different material properties. 
The pinned end joint cannot exist in practice and rather than build 
models with end conditions lying between the fixed and pinned idealizations, 
rigid joints were adopted. Although pin-jointed conditions were assumed 
in the analysis work the results from the tests can be used to assess the 
applicability of the proposed theoretical mathematical model. If this 
model is suitable then, in future studies the analysis can be extended to 
encompass rigid joint conditions without the need for further experimentation. 
The experiments were performed under computer control using a closed- 
loop loading system and a data logging system. The experimental set up 
enabled accurate and reliable data to be acquired at relatively high speeds, 
with around 13000 measurements being made in each test. 
This chapter describes the process of manufacturing the double-layer 
grids, the experimental equipment used, the tests and the results of the 
experiments together with theoretical comparisons where appropriate. 
6.2 Manufacture of the Double-Layer Grids for Testing 
6.2.1 Design Criteria and Considerations 
Some of the factors influencing the design and manufacture of 
the double-layer grids were as follows: - 
The overall physical dimensions were limited to a maximum 1800mm 
square by the availability of a suitable test rig. 
2. The anticipated structural behaviour had to lie within the capacity 
of the available loading and measurement equipment. 
3. Mild steel tube was to be used for members. The tube had to be of a 
size large enough to avoid accidental damage but easy to work with. 
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4. A symmetric structure was necessary so that two equal concentrated 
loads could be applied in order to obtain 'global' failures rather 
than 'local' failures such as 'punch through' (section 2.3.3). 
5. The finished structure should be stiff so that changes in the geometry 
of the structure due to the application of external loads are small, 
because effects due to geometry changes are not considered in the 
theoretical analysis. 
6. Physical experimental and structural imperfections should be reduced 
where possible, as far as practicable. These imperfections include, 
eccentricity of applied load, unequal application of load, eccentricity 
of reactions at supports, poor alignment of instrumentation, lack of 
fit member stresses, eccentricity of members at joints, damaged 
members and the use of small members which naturally possess relatively 
large imperfections. 
7. Joint and member manufacture should be as simple and repetitive as 
possible to ensure uniformity and to ease production. 
6.2.2 Grid Geometry 
The problems of accurately joining members together in space are 
numerous. To obtain accurate initial geometry it was decided-to., ddopt 
a structural system composed of members and joints together with a 
fabrication technique which would allow a joint to be located in its 
required position before introducing the members to complete the structure. 
To make joint and member manufacture very repetitive a square-on- 
square double-layer grid configuration was adopted with a depth which 
produced me"mbers of constant length. Thus the inclined angle of all the 
0 bracing members was fixed at 45 
The overall dimensions of the models was fixed at 1800mm square and 
to obtain members of practical slenderness ratio, which would buckle 
plasticlally, using the tube described in section 4.3.2 a5x5 bay model 
was chosen. Therefore, the dimensions of the grid were all set. The 
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distance between the nodal centres was 360mm, the grid depth was 254.56mm 
and the span to depth ratio was 7.07. This ratio is small in practical 
design terms yet it does provide a stiff structure, as required, and enables 
another design criterion to be met. Figure 6.1 shows the geometry, 
dimensions and joint numbers of the adopted double-layer grid. 
6.2.3 Preparation of Individual Members 
Members for the test grids were prepared from mild steel tube of 
nominal external diameter 9.52mm and wall thickness 0.81mm. As mentioned 
in Chapter 4a new batch of material had to be bought to manufacture two 
of the grids, and this material was found to be of variable yield strength 
even after being annealed. Attention was paid to ensuring that each 
grid was manufactured from material of similar properties. To this end 
a stub column test was performed on a sample taken from each piece of 
tubing in the new batch. Fourty nine such tests were performed on 
annealed samples of approximate slenderness ratio 10, in the Howden 
loading machine using fixed end conditions. As the tests were for 
comparative studies only, rigorous calibration of the equipment was 
unnecessary and material yield stresses were obtainedfrom stress versus 
time plots which were drawn during each test. The type of material used 
in each model is shown in Table 6.1. below. 
Table 6.1 Material Used in 
Model Preparatigh 
Grid No. Material Batch Stress Relief 
1 Old None 
2 Old None 
3 New Annealed 
4 New Annealed 
The material used in Grid 4 was of a higher grade than that used in 
Grid 3. The members were prepared by overcutting them to a length of about 
355mm and then squaring both ends of the tube in a lathe to a finished length 
of 340mm. Damaged and noticeably out of straight tu,. hing was rejected. 
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The members to be used in Grids 3 and 4 were loaded 140 at a time into a 
special'jig which held them in a vertical position and out of contact with 
each other. This jig was loaded into a Wild Barfield air circulating 
furnace and the members were annealed using the same procedure as Dianat(64). 
6.2.4 The Joints 
As previously indicated rather than join tubes together in space it 
was decided to fix separate joints in space and subsequently add individual 
members to complete the structure. 
This necessitated the development of a joint to meet the following 
requi rements. 
To, provide a strong, reliable connection so that during testing no 
joint failures occurred. 
2. The joint had to be able to be fixed in position during fabrication of 
the structure. 
3. When in position the joint had to provide each member with its required 
final geometry. 
4. When in position every member had to be of an identical clear length. 
5. The lines of action of every member at a joint had to be concurrent. 
6. Tnitial lack of fit stresses had to be of negligible magnitude. 
7. Residual stresses in members had to be minimized. 
8. The joint had to be as small as possible. 
9. Manufacture of the joint was to be simple and repetitive. 
A steel joint was developed to which the individual members were 
welded. The members were held in their required position by fitting 
them into predrilled locating holes in the joint. A number of finished 
joints and the joint dimensions are shown in figures 6.2.1 and 6.2.2. 
Different joints were manufactured for the top and bottom layers of the 
structure. The joints were designed to fit on a special fabrication 
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jig (see next section) and the only difference in the two types of joint 
was the position of a slot which was used to locate the joint in position 
on the fabricationjig. The joint provided 9.5mm 0x 5mm deep holes for 
the members which were carefully drilled to provide the required geometry. 
When in position between nodes, prior to welding each member was 
capable of Imm free movement along its axis, therefore initial lack of fit 
stresses were prevented. 
The joints were mass produced from IA" square mild steel bar. A 
special jig with a 450 face was used in the joint production process and 
ensured the accurate manufacture of uniform joints.. The jig was used 
for holding the joints in position on a-milling machine whilst the member 
locating holes were being drilled, and can be seen in figures 6.3.1 and 
6.3.2. Most joints required eight member locating holes, however where 
less were required unnecessary machining and drilling was not performed. 
Welding the members to the joints was chosen as opposed to brazing 
as welding provides a more reliable joint with smaller heat effected areas 
in each tube and therefore-residual stresses are lessened. Trial welded 
joints were made up and tested in tension in the Howden loading machine to 
ensure that member rather than weld failures occurred. 
6.2.5 Fabrication Technique 
A special jig was manufactured which enabled a model double-layer 
grid to be assembled and welded as one unit. Figure 6.4 shows the 
fabrication jig in use. The jig provided for every joint to be fixed in 
its required geometric position and was designed to be fully rotational 
about one axis and to be easily accessible so that the welding of members 
to their respective joints could be performed with minimum difficulty. 
The main body of the jig was fabricated from rectangular hollow 
sections which provided jig stiffness with low weight. Four 120 x 60 x 6n)m 
R. H. S. sections formed the 1800mm c/c square jig perimeter. Two of the 
sections had nine, lmm deep recesses machined in them at 180mm centres to 
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locate 60 x 40 x 4mm R. H. S. sections which were welded into position to 
form a grillage spanning the square in one direction. This arrangement 
provided a reasonably flat base below the position of each of the models' 
sixty one nodes. 
The four corner nodal centres (joint numbers 1,6,56 and 61, figure 
6.1) were marked very accurately on the jig and were used as reference 
points for marking the plan position of all the other joint centres. 
Using two "compass" jigs of radius 180mm and 360mm (one is shown in 
figure 6.5), -arcs. were scribed around the jig to give all the required 
nodal centres. Each quarter of the jig was marked out from one of the 
four reference base lines and therefore the position of central node, 
joint 31, was located independently from each of these lines. The closing 
error at this position was better than Imm and this error was distributed 
to surrounding nodal centres in inverse proportion to their distance from 
the mean position of joint 31. The outer base line points were not 
adjusted. The final nodal centre positions were thoroughly checked with 
a 2m steel straight edge and a steel rule. 
. To provide the correct joint elevations and a means of joint fixture 
thirty six bottom layer and twenty five top layer joint supports were made. 
The adjustment of each support in both plan and elevation was provided for 
in its base plate, and figure 6.6 shows both types of joint support in 
position on the jig. 
The upright sections of the supports were made from 20mm square mild 
steel bar and the joint fixing arrangement was provided by an 8mm wide x 
8mm deep tongue on the top of this section and by a 2B. A. screw which passed 
through the joint centre and into a tapped hole located centrally in the 
tongue of the support. When tightened fully the screw provided the 
correct nodal centre position, and elevation for the joint and the tongue 
ensured the joint was located squarely and could not rotate. The upper- 
most section of the upper layer supports was turned down into a cone in a 
lathe to increase the welding access for bracing members. , Figures 6.7.1 
and 6.7.2 show a top layer support with the joint in position from above 
and below the joint respectively. Figures 6.8.1 and 6.8.2 show a bottom- 
layer support without and with a joint in position respectively. All four 
figures show the joints before welding. 
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The supports were manufactured by first welding the uprights to 
90 x 40 x 8mm steel base plates. The tongue and joint locating hole 
were then machined in the top of the supports such that the tongue top 
was parallel to the base plate and ran at right angles to the length 
of the plate. Two 2B. A. holes were drilled through the base plate on 
a line passing through the centre of the joint locating hole parallel to 
the long edge of the base plate. The holes were equidistant from, and 
one either side of the joint locating hole. These holes took 2B. A. bolts 
which secured the support to the main jig in its required plan position. 
The elevation adjustment was made by four 2B. A. bolts,, tapped through 
the four corners of the base plate, which then rested on the main body of 
the jig. 
The levelling of the joint supports proved to be a time consuming 
exercise, as not only did the, joint locating holes have to be set in their 
correct position but also the tongues for locating the joints had to be 
set in two parallel planes forming the two layers of the grid. The lower 
layer was levelled first using the 2m straight edge and a sensitive 
spirit level. The, plan geometry was checked using "pointers" which 
screwed into the joint locating holes to provide a single point from which 
to measure. 
The top layer was set using a jig which bolted onto four bottom 
layer supports to provide the correct grid depth. For instance the support 
for node 7 was set from nodes 1,2,12 and 13. This method compounded any 
errors in the lower layer and the top layer was checked and improved to 
give the required geometry and level. The upper layer was then in fact 
better set than the lower one and so the jig was inverted and the'bottom 
layer was-reset to better accuracy from the top layer. 
The final support geometry was checked and the plan geometry had a 
tolerance of better than + 0.25mm and the elevation was better than + 0.5mm. 
The finished jig was mounted on a simple frame to give it full 
rotational ability about an axis through its centroid, figure 6.4. 
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Great care was taken assembling the joints and members in each model 
so that no damage to either the tubing or the jig geometry occurred. 
Complete assembly was carried out and every member was checked for freedom 
of movement along its axis and for out of straightness before welding 
commenced. Damaged or bowed members were replaced. 
A symmetric welding pattern was followed which started at the grid 
centre and worked systematically outwards towards the edges and comers 
of the model. The tubular members were welded to the joints by four 
spot welds evenly distributed around the tube perimeter. This method 
reduced the possibilities of welding the model to the jig. and of burning 
holes in the members. Where a tube was burnt through that member was 
immediately replaced, although this was seldom necessary. Similarly any 
porous or poor quality welds were cut out and rewelded before continuing 
on the welding sequence although poro&ijy proved to be a problem only on 
model number 1. 
A different welding procedure was used on model number 2 whereby 
a complete fillet weld was used around the tubes rather than using four 
spot welds. However, it was felt that these welds produced more residual 
stresses in the members due to tube shrinkage and therefore the spot weld 
method was readopted for model numbers 3 and 4. 
The models were visually inspected for welding damage before removing 
them from the jig. The removal was an easier operation than anticipated. 
The joint fixing screws were removed from the perimeter to the centre of 
of the model and then each bottom layer joint was gently levered in turn 
until the model eventually lifted clear from the supports with one final 
small lever. Each model was carried carefully clear from the Jig by its 
four corner nodes. The geometry was checked with the straight edge, 
rule and level and no excessive deformations due to welding were observed. 
The joint alignment was also found to have been unaltered. In the period 
between manufacture and testing the models were stored with supports being 
provided to the four bottom layer comer nodes. 
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6.3 Experimental Equipment and Instrumentation 
6.3.1 Test Frame 
, The testing frame used by'Butterworth (69 ) was adopted for use 
in the experiments. The frame consisted of interconnected 1611 x-5j" x, 
26lb/ft U. B's, welded and bolted at intersections to form a stiff grillage. 
The central part of the frame was modified to provide an 1800mm square 
testing area, and the whole test rig can be seen in figure 6.9. To raise 
the model clear of the test bed, four 4" x 4" x J" R. H. S columns with 
ill base and top plates welded on,, were bolted onto the universal beams 
in positions which provided the required model support conditions. The 
test frame was packed to level beneath each of the columns and extra shim 
was placed beneath the four extreme comers of the grillage to add greater 
stability and stiffness. Stiffners were welded on one side of the 
universal beams' web beneath each of the columns and on both sides of the 
web beneath each proposed loading position, to provide increased stiffness 
against web buckling and flange rotation. 
The jig used for manufacturing the test grids (section 6.2.5) 
was modified for use as a "transducer grillage". This grillage held the 
displacement transducers which were to be used for monitoring the vertical 
deflection of certain joints in the structure. The grillage already 
possessed the required joint geometry and by removing its four corners 
allowed it to sit between the support columns in a position vertically 
below where the models were tested. The "transducer grillage" was 
supported in this position near each corner by ill 0 domed adjustable 
bolts which fitted into nuts welded onto the support column base plates. 
This arrangement ensured that the model deflections measured during tests 
were independent of any deformations in the testing frame. - 
6.3.2 Support Conditions 
- The grids were all tested with a mansard profile and were supported 
at each of their four bottom layer comers, joint numbers 1,6,56 and 61. 
The supports were designed to provide vertical constraint and 
ignoring frictional effects they were to allow free horizontal movement 
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and free rotation about any axis passing through the joint centre. 
Consider figure 6.10 which shows a support detail. Each support 
consisted of two plates with fine ground surfaces (A), separated, by a 
bearing race (B). The lower plate rested on four adjustable ill 0 
bolts with hemispherical machined heads(C). These bolts were tapped into 
the top of the support column (D). The grid (E) was separated from the 
top plate by a part spherical support piece (F). This piece was machined 
and hardened to a radius which corresponded to the height of the centre 
of the Joint from the top support plate. In this way the reactions at 
the supports would not induce external bending moment on the model. 
A 2B. A. high strength steel pin connected the piece (F) to the corner 
joint of the grid. 
The supports were set up by levelling the top plates to the same 
elevation (t O. lmm) using a surveying IeVel. A spirit level was used 
to ensure that each top plate was set in a horizontal plane. 
6.3.3 The Loading System 
3 
The same R. D. P. Howden loading system as described by Dianat ( 64 
was used in all the grid tests. The system comprised of two hydraulic 
actuators or "jacks", a hydraulic power pack and a control unit which 
housed separate closed loop control systems for each jack. The control 
unit also housed systems for monitoring the output from the load cell and 
displacement transducer of each jack. 
The system was controlled by the Alpha-16 mini computer through a 
ramp generator which allowed control on jack displacement and the rate of 
application of this displacement. This arrangement allowed, small equal 
displacements to be induced simultaneously on the two "loaded" nodes, 
whilst inducing strain rates in the model structure within the required 
limits. Displacement control was chosen because of the dynamic effects 
encountered when compression members buckle and so that the behaviour 
beyond the ultimate load of the structure could be examined. 
Due to the high stiffness of the models being tested (a displace- 
ment of O. Imm induced a load of around MON on a model in the elastic range) 
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very small equal displacement increments were necessary. Extensive 
checks on the jack displacement and trial loadings on the structures 
were carried out to ensure that the jacks applied equal displacements to 
the models. In addition the system was calibrated before and after 
each model test. 
The jacks were bolted onto horizontal bases which straddled the 
transducer grillage on four adjustable 1" 0 mild steel legs which in turn 
were fastened to the test rig, figure 6.11. The jack bases were carefully 
levelled using a sensitive spirit level to ensure that the jacks were 
mounted vertically. The fixing bolts between the base and the actuator 
allowed slight horizontal movement of the jack for alignment purposes but 
were tightened during testing to restrict any lateral jack deflection. 
Hence, for analytical purposes the loaded nodes were considered to be 
constrained in the horizontal plane., 
The models were connected to the actuators by ill U. N. C. studding 
which screwed into the load cell and passed vertically upwards through 
corresponding holes drilled through the centre of the joints to be loaded. 
The model was secured and loaded through nuts on the studding above and 
below each loaded node. Extra stiffening was given to the studding by 
means of 1" 0 mild steel rod which had a ill 0 hoTe ; drilled Oong its axis 
through which the studding passed. Fastening of the rod to the studding 
was by means of two nuts welded onto the rod ends. Figure 6.12 shows the 
attachment between jack and model. 
6.3.4 Displacement Measurement 
(a) At Loaded Nodes 
Each actuator possessed an LVDT type displacement transducer 
and the signal from these transducers was converted to a d. c. 
voltage by the loading system and this signal was fed to the data 
logger for scanning through a buffer amplifier, filter and, 
divider. 
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(b) Other Nodes. 
Measurement of the vertical deflection of twenty other 
nodes was made using LVDT type transducers supplied by R. D. P. 
Electronics. Ten D5/2000 and ten D5/4000 type transducers were 
used with working strokes of 100mm and 200mm respectively. 
The body of each transducer was mounted in a special adjustable 
holder which bolted directly onto the transducer grillage (section 6.3.1). 
The grillage was plumbed into position from a model fixed in position 
ready for loading, and the transducers were adjusted into vertical positions 
below the joints whose displacement were to be measured. The armature 
of each transducer was suspended on steel wire which was connected to the 
model through the 2B. A. hole in the centre of the node being monitored. 
The transducer output was routed through a scanning box to one of 
three amplifiers and thence to the data logger. In this system any 
transducer could be switched to its respective amplifier for scanning and 
therefore independent scaling factors were necessary to convert the output 
of each transducer to a displacement. Each transducer was calibrated using 
the system under computer control. The Dt; /2000 type were calibrated from 
0 to 100mm in steps of 5mm and the D5/4000 type were calibrated from 0 to 
200mm in steps of 10mm. Fifty readings were taken at each step and a 
least squares fit provided the calibration factor for each transducer. 
The maximum error in reading, of the worst transducer was found to be 
better than 0.4% of its working stroke. The calibration was performed 
with the transducers in position on the grillage at ambient temperature 
(200C + 20C). Previous calibrations (41 ) had shown the calibration 
factors to be very repeatable and so the calibration was only performed 
once. 
Further 6tails of the transducer fixtures, adjustment methods and 
calibration arrangement are given by Dianat(64 ). 
6.3.5 Strain Gauges 
Electrical resistance strain gauges were used to measure the axial 
force and bending moment acting on certain members in each grid. The 
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precision gauges were produced by Micro-Measurement and were of the type 
EA-06-125BZ-350 having a resistance of 350 ohms and a gauge factor of 
approximately 2.1. The cement used was M-Bond 200 and every gauge was 
coated with M-Coat D after installation. The gauging took place after 
fabrication of the models was completed. 
Two strain gauges were used on each member and these were positioned 
diametrically opposite each other at the member mid-length with one of 
the gauges being positioned on the very top of the tubular member. A 
special jig which clamped onto the tubing was used to accurately mark the 
gauge positions. The gauges were wired using a quarter bridge system with 
a common dummy and this enabled each active gauge to be scanned directly 
by the data logger. The output from the pairs of strain gauges was 
analysed after testing. 
The strain gauge output could have been interpreted using the stated 
gauge factor together with the elastic and geometric properties of the 
members but for extra accuracy it was decided to calibrate two pairs of 
gauges using the logging system. Two fixed end tubular samples were 
prepared (as in section 4.5.2) and gauges were fixed at the mid-length in 
an identical manner to that used when gauging the models. Each sample was 
then subjected to six computer monitored cyclic loadings in the HoWden EU500 
testing machine (section 4.2.2) from +20ON/mm 
2 in tension to -120N/mm 
2 in 
compression. The strain over the centre portion of the samples where the 
gauges were positioned was measured using the dual extensometer (section4.2.3) 
and values of strain measured by the extensometer, the output voltage of 
both gauges and the mean axial stress over the section were output on paper 
tape automatically. 
A separate computer program was'used to analyse the outputs from the two 
calibration tests, using a least squares fit technique but rejecting 
experimental points which lay more than a given tolerance from the previous 
best line fit. The mean elastic modulus and gauge output voltage per unit 
stress were obtained for each cycle of loading and were found to be very 
consistent. As different materials had been used in manufacturing the test 
structures then different strain gauge calibration factors were needed for 
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each model. It was decided to obtain the ratio of the mean elastic modulus 
to mean gauge output per unit stress, which theoretically is a constant, 
and to then assume that each model was fabricated from uniform modulus 
material and hence knowing the value of the modulus for each grid, 
appropriate strain gauge calibration factors could be calculated. The 
ratio obtained was -2.7981 volts and the calibration results are summarized 
in Table 6.2 below. 
Table 6.2 Strain Gauge Calibrations 
(The values quoted are the mean values of six cyclic 
loadings, the number in brackets being the standard 
deviation of the six values obtained). 
Sample 
No. 
Mean Elastic Modulus 
(N/mm2) Em 
Mean Gauge Output 
(N/mm 2 /volt) Gm' 
Em 
TM- 
202347 (0.27%) -72364.0 (0.09%) -2.7962 
2 205436 (0.67%) -73369.0 (0.12%) -2.8000 
Mean 203892 -72866o5 -2.7981 
6.3.6 Temper-ature Measurement 
As in the individual member tests (section 4.2.4) a check was kept 
on the ambient temperature during all calibrations and tests. 
6.3.7 Control System. 
The grid experiments were controlled again using the Alpha-16 mini- 
computer loaded with BASIC software which provided control on the ramp 
generator and facilities for reading the Intercole data logger. Details of 
the system sensitivity are provided by Dianat ( 64 ). 
The computer program which controlled the experiments is summarised 
in figure 6.13, and was organised"to perform automatic scanning, scaling, 
checking and output of data with minimum operator intervention. 
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The data logger incorporated nine different sensitivity scales and the 
program automatically selected the most appropriate scale for every 
reading of the logger. Three non-consecutive readings were taken of 
each measurement device and these were scaled to give their physical 
value and stored in an array. After scanning and scaling all the 
measurement device outputs the program automatically checked the scatter 
of the three output values of each device. If one of the three output 
values differed by more than 2% from the mean of the three values then an 
error message was given to the operator who then had the option to either 
reject any particular reading or rescan au the measurement devices. 
This automatic check ensured that the experimental equipment was behaving 
correctly during the test. 
The rate at which the model was tested could be altered at the operators 
discretion after every 40mm of jack deflection. This facility was pýovided 
to enable the test to be speeded up if necessary after large deformations 
and hence many member failures had occurred. 
The temperature was checked at different stages in the program and if 
it was nearing critical limits (180 or 220C) a warning bell was sounded. 
The computer program was developed and checked as was the experimental 
equipment by performing a series of tests on a dummy model. 
The arrangement of the experimenta II instrumentation is summarised 
schematically in figure 6.14. 
6.4 The Experiments 
The positions of the actuators, supports,, displacement transducers 
and strain gauges for each grid test are given in Table 6.3 below. 
Because of the large number of joints and members in each structure 
there was insufficient instrumentation to monitor the behaviour of the 
entire structure. Therefore the available instrumentation was positioned 
to monitor the vertical deflections of nodes with theoretically large 
displacements and the stress in members which were theoretically highly 
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strained or in and around positions where failures were expected. In 
addition, because symmetric displacements were being induced on the 
structure, some instrumentation was used to investigate the symmetry 
of the structural response. 
Table 6.3, Test Conditions and Instrumentation Positions 
Grid Test No. 1 2 3 4 
Loaded Joints 20,42 20,30 9929 9,29 
Support Positions 1,6,56,61 11,61,56,61 1,6056,61 196,56,, 61 
Nodes with 2,3,7,8, 2,3,4,7, 2,3,4,7, 2,3,4,7, 
displacement 9,10,12,13, 8,9,10,13, 8,9,10,13, 8,9,10,13, 
transducers 14918,19,23, 14,159181,19, 14015,181,199 14,15918,191, 
24,259269299 20,23,24,25, 20,23,24,25, 20,23,24,25, 
30,31,32,40. 26,29,31,35. 30,31,34,35. 30,31,34,35. 
Members with 20-21,30-31, 3-4,7-13, 3-4p8-9, 2-3,3-4, 
Strain Gauges 41-42,42-47, 8-9,13-19, 8-14,13-19, 8-9,13-19, 
(2 gauges per 42-53,47-48, 14-25915-20, 14-15,18-29, 18-29,19-20, 
member). 47-53952-53, 16-21,18-299 19-20,23-34. 19-30,20-219 
58-59. 19-20920-21, 23-34,25-26, 
23-34$29-30, 25-36930-41, 
30-35,30-41. 31-32,31-42, 
42-43. 
The theoretical analysis for the first loading condition Grid No: l, 
predicted that the first members to fail would be compression members 8-9, 
9-10,52-53 and 53-54. In the experiment, simultaneous member failures 
were not expected because of the effects of imperfection on the critical 
loads of struts. However, when the grid was loaded the first member to 
fail was compression member 1-7. This very local failure over a support 
caused a sudden dramatic loss in the structures load carrying capacity and 
also caused sudden local bending failures in members 1-2 and 1-12 at joints 
2 and 12 respectively. The test was suspended and the grid was examined 
for further damage. No other permanent deformations were obvious and 
169 
therefore rather than further investigate a local mechanism the test 
was aborted so that the grid could be more thoroughly examined and 
possibly repaired and re-tested. The local failure over the support 
at joint I is shown in figure 6.15. 
The grid was carefully removed from the test frame and joint 
alignment checks were performed which confirmed that no members had 
been damaged other than members 1-2,1-7 and 1-12. Therefore, it was 
possible to simply repair the model by replacing all the members at joint 
1. 
To avoid similar local failures occurring in subsequent testsg 
the bracing members at the support joints (members 1-79 6-11,51-56 and 
55-61) were replaced in all the grids by ill 0 mild steel rod. After 
changing tubular members for solid members the corner joint geometry of 
each grid was checked and found to be unaltered. In the case of Grid 
No. 1 members 1-2 and 1-12 were replaced by undamaged tube of the appropriate 
material. 
The reason that member 1-7 failed before any of the members which 
were expected to fail can be attributed to a combination of factors. 
According to the pin-jointed analysis for this grid, member 1-7 was 
carrying about 90% of the axial load being carried by the members which 
were most highly stressed. Therefore a 10% variation in the critical 
load of member 1-7 due to imperfections such as initial bow, residual 
stresses and material variations could have caused it to reach that load 
before the other members buckled. Such a variation is feasible. Another 
major factor which would cause a relative reduction in the critical load 
of member 1-7 is the different amount of end restraint being afforded to 
that member due to the support condition at joint No. l. This effect should 
be considered in rigid joint collapse analysis programs. 
The four double-layer grids were tested to collapse with no further 
problems and during each experiment a minimum number of 90 displacement 
increments were induced on the structure. These increments ranged in 
magnitude from O. lmm and 0.2mm in the elastic and early inelastic range 
of structural behaviour to up to 5mm in the post-ultimate load range of 
behaviour. Figures 6.16 to 6.19 show the grids after testing. 
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6.5 Results and CompariSons. 
General 
The experimental load-displacement and load-axial stress 
curves obtained in the four double-layer grid tests were used 
to investigate the validity of the analytical technique proposed 
in Chapter 5. Some general points regarding the comparisons 
of the results should be made in advance. 
A direct comparison of the experimental and 
theoretical results cannot be made because of the differences 
in the manner in which these results were obtained. The 
theoretical curves are derived from conditions of equilibrium 
and represent static equilibrium paths. Practical considerations 
dictated that the experiments were performed under 
unidirectional displacement control and as a consequence 
the structures at times behave dynamically. Therefore there 
are parts of the two behaviours which cannot be compared. 
Consider figure 6.20.1 which shows part of a theoretical 
load-displacement curve for a loaded node in a general 
structure, and it is assumed that the theory gives a correct 
prediction of the structural behaviour. Point A corresponds 
to a point on the equilibrium path OABCD where a strut 
iS*about to buckle. Under unidirectional displacement control 
any minute increment of displacement beyond point A will 
cause the experimental structural response to become dynamic 
and the structure will rapidly loose its load carrying capacity 
before regaining the equilibrium path at C, and the recorded 
structural response will be represented by path OACD. 
Therefore the portion of the equilibrium path ABC will not be 
observed experimentally. 
Now consider the load-displacement curve of an unloaded 
node in the same structure, figure 6.20.2. The experimental 
structural response will follow the path A'C'D' where the ratio 
of B'C' to B'DI will equal the ratio of BC to BD in figure 6.20.1. 
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The gradient of the path A'C'can be of either sign because the node is not 
constrained. Again the path AIC' represents a dynamic jump in the 
structural response and the path A'B'C' is not observed experimentally. 
Where results have been compared in the present study the theoretical 
equilibrium path has been plotted not the truncated form of it. The 
truncated form however can be derived from consideration of 
the load-displacement curves of the loaded nodes. 
Another important factor which has to be considered in the 
result comparisons is that of symmetry. The three loading cases 
considered all possessed at least one plane of symmetry with the 
first case having two planes. The theoretical results presented 
are those for the ideal perfect structure and therefore perfectly 
symmetrical structural behaviour is predicted. Despite reducing 
imperfections in the double-layer grids which were tested they 
were still imperfect and member failures could not be expected to 
occur simultaneously. J. herefore, in the inelastic range 
of structural behaviour symmetry is lost. A consequence of losing 
symmetry is that even though equal displacements are applied 
to a structure these displacements induce different loads on 
the structure. However, subsequent member failures may restore the 
symmetry of the member failure pattern exhibited by the structure, 
and if this is the case then comparisons of the experimental and 
theoretical double-layer grid behaviours can be made provided the 
load-deflection responses of the loaded nodes are in reasonable 
agreement. An advantage of the closed-loop system used in the 
experiments over beam and turnbuckle systems with a single load 
cell is that the load-displacement behaviour of each loaded node is 
known. 
'A further point to be made concerning the comparisons of the 
results is that the theoretical results are only plotted 
if the predicted member failures are in fair agreement with 
experimentally observed member failures. 
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One of the problems which arose in obtaining the theoretical 
results was in knowing the mean material properties of each grid. The 
cause of the prob-lem was the different values of yield stress shown 
in the member tests of Chapter 4. Creat care was taken to ensure 
that the members used in each grid were of similar grade material, 
and confident assessments of the material properties for each 
grid were made by giving careful consideration to the stresses 
measured by the strain gauges on each grid together with the results 
of the member tests i. n Chapter 4 and the uncalibrated stub column 
tests described in section 6.2.3. The values of yield stress 
adopted in the theoretical analyses and the reasons for their 
choice are given in the next four subsections. 
Using these values of yield stress the approximate 
E. C. C. S. column curve (31), which was suggested for use in the 
theoretical analysis, was found to underestimate the critical loads 
of the members in Grid No. 's 1,2,3 and overestimate the 
critical loads of the members in Grid No. 4. Therefore to gain a 
mre representative comparison of the theoretical and experimental 
results, for theoretical purposes the value of the critical 
load of every member in a structure was taken as the experimentally 
measured critical load of the first member to buckle in that structure 
(or its nearest equivalent). This action is justifiable because the 
purpose of the experiments was primarily to investigate the validity 
of the analytical technique and not the suitability of the means of 
predicting strut failure loads. The effect of changing the 
critical load values in the analysis was in all cases to alter the 
loads, displacements and stresses at which members failed. The 
theoretical failure patterns were unaltered. 
6.5.2. Grid No. 1 
Grid No. 1 was loaded at joint numbers 20 and 42 
and this arrangement made the structure symmetric in plan about 
two lines of symmetry. The first line of symmetry passed through 
the loaded nodes and the second was perpendicular to the first 
and connected nodes numbered 29 and 33. These lines of 
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symmetry (A-A and B-B) are shown in figure 6.21, Also shown 
in figure 6,21 is the member failure-pattern and the position of 
local bending failures which were observed during the test, 
The load-displacement behaviour of the loaded nodes 
is shown in figure 6.91-2 and the structural behaviour observed 
during the test was as follows. As increments of displacement were 
applied to the structure it behaved in a linear symmetric fashion 
until a load of 780ON was reached. Beyond this load successive 
increments of displacement induced larger increments of load 
on node 20 than on node 42. (Analysis of the experimental results 
after testing showed that this was due to the premature yielding 
of member 47-48, figure B1.19) The mean applied load increased 
to a maximum value of 841ON (8864N at node 20 and 7956N at node 42) 
and during the next O. Imm increment of applied displacement 
member 9-10 buckled and this produced a chain reaction of 
buckling failures across the grid as members 20-21,31-32,42-43 and 
53-54 failed in quick succession. The time which lapsed 
between first and final failure was approximately 30 seconds. The 
structure showed a dramatic and sudden loss in load carrying 
capacity due to these failures. The double-layer grid had 
become a mechanism with an axis of rotation C-C, figure 6.21, 
which divided the grid into a smaller and a larger 'half'. The 
mechanism is seen clearly in figure 6.16. 
The formation of a mechanism resulted in the grid 
undergoing some sudden geometric changes. The 'larger half' of 
the grid was deflected upwards and the 'smaller half' downwards. 
These deformations are reflected in the behaviour of joints 30 and 32, 
figure 6.23. Prior to the mechanism forming the behaviour of these 
two joints was symmetric. However immediately after the grid failed 
joint 30 was seen to have deflected upwards whereas joint 32 had 
deflected downwards. Subsequent applications of displacement to the 
grid caused both joints to continue to deflect downwards. 
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The formation of the mechanism meant that symmetry about axis 
A-A was lost as the behaviour of the grid became inelastic. However 
symmetry was not lost about axis EI-B and this is reflected in the 
load-displacement behaviour of symmetric joints 18 and 40, 
figure 6.24. Both these joints were in the larger section of 
the grid after the mechanism formed and therefore some of 
the"reduction in displacement seen as the load suddenly drops 
is due to the geometric changes in the grid and some is due to 
elastic recovery caused by the reduction in the load being 
induced on the structure. 
After the buckling failures occurred further displacements 
were applied to the structure. These deflections resulted in the 
gradual reduction of the loads being induced on the structure and local 
bending failures became apparent on either side of the nodes which 
lay along the axis of rotation, figures 6.21 and 6.16. 
The theoretical analysis for this grid indicated that 
the first members to fail would be members 8-9,9-10,52-53 and 53-54 
in compression. When member 9-10 failed in the experiment 
2 
the axial stress in member 52-53 was measured as being 270.5N/mm 
and for theoretical purposes this value was used as the 
buckling stress of all the members in the grid. However member 52-53 
did not buckle and because of the difference in the loads being 
induced on nodes 20 and 42 just before failure of the grid occurred, 
figure 6.22, it is very probable that the stress which actually 
caused the failure of member 9-10 was of a greater magnitude than 
that measured 
2 
in member 52-53. Therefore a critical buckling stress value 
of 270.5 N/mm is probably conservative. 
Grids No. s 1 and 2 were manufactured from the 
material which was used in the folded-end member tests, sections 
4.3 and 4.4. This material was found to exhibit a material yield 
stress of either 245.0 or 286.5 N/mm and it was suggested 
(41) that the higher value of yield stress was obtained in tests 
at the fastest rate of shortening and could therefore have been 
a consequence of using a fast strain rate. However the strain rates being 
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applied to the members in the doublelayer grid tests wereAn the 
region of the mean rate of shortening used in the compression tests 
and therefore the high stress seen in member 52-53 indicates that the 
material used in those compression tests was of two different grades. 
Care was taken in the manufacture of Grids I and 2 to use material which was 
supplied in the same bundle and it appears that this particular material 
can be taken as having a yield stress of 286.5 N/mm 
Although member failure symmetry was lost in the 
experiment about one axis a comparison of the theoretical and 
experimental behaviours can be made for two reasons. Firstly, the 
theoretical analysis predicted that a symmetric mechanism would form about 
axis A-A which meant the additional buckling failures of members 8-9,19-20, 
30-31,41-42 and 52-53. Secondly, the load-displacement behaviour of the 
loaded nodes was in good agreement which meant that the overall grid 
behaviour was not too badly effected by the loss of symmetry. 
The comparisons are made in figures 6.22 to 6.24 and in 
Appendix Bl. The theoretical behaviour of the loaded nodes, figure 
6.22, has been used to show the sequence of theoretical member 
failures. Point A corresponds to the buckling of members 8-9,9-10,52-53 and 
53-54, point B corresponds to the instant when members 19-20,20-21,41-42 
and 42-43 buckle and point C corresponds to the instant that buckling of 
members 30-31 and 31-32 occurs. The intermediate theoretical 
points are caused by the unloading and changes of 'state' which 
failed members undergo as they progress along their post-buckling 
mathematical characteristics. At point D all the failed members have 
reached their 'residual value' (state number -5, figure 5.1) and 
therefore deflections rapidly increase. 1 
Further discussion of the 
results is found in section 6.6. 
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6.5.3. Grid No, 2 
Grid No. 2 was loaded at joint numbers 20 and 30 which made the 
structure symmetric in plan about an axis along the main diagonal of the grid 
i. e. an axis passing through joints I and 61. The member failure 
pattern and the position of local bending failures observed during the 
test are shown in figure 6.25. The load-displacement behaviours of-the 
loaded nodes ire shown in figure 6.26 and the structural behaviour 
observed during the test was as follows. 
The structure behaved symmetrically in the elastic range 
until a mean applied load of 5220N was attained. Subsequent increments 
of applied displacement caused slightly more load to be induced on 
node 30 than on node 20. V. 'hen a total displacement of 5.08mm had been 
applied to the structure a maximum mean load value of 5868N was 
attained. During the next increment of displacement member 18-29 buckled. 
This resulted in a reduction in the load being induced on node 30 
and an increase in the load being induced on node 20, (point I figure 6.26), 
which can be attributed to force redistribution within the 
structure. Prior to buckling the mean compressive axial stresses in 
the geometrically symmetric members 18-29 and 8-9 viere 288.7 
and 259.8 N/mm 
2 
respectively. The theoretical analysis predicted 
that these members would be the first to fail. 
As further increments of displacement were applied to 
the structure the induced load at node 30 fell whereas the 
load at node 20 increased as did the stress in member 8-9. This 
trend continued until the loaded nodes had travelled through a 
total deflection of 6.1mm. At this stage the stress in member 8-9 2 
had reached a maximum value of 273.2 N/mm in compression and it 
was hoped that the member would buckle and symmetry be restored. 
However during the next increment of displacement member 19-30 
buckled causing a sudden drop '19 the load being induced at node 30 
and a rise in the load being induced at node 20, points 2 on 
figure 6.26. Although the load being induced at node 20 
continued to increase, because of the action of the failed members 
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in the grid the stress in member 8-9 slowly reduced. Therefore 
the possibility of symmetry being regained in the inelastic range 
of behaviour was eliminated. 
More displacement was applied to the grid and this 
resulted in members 14-20 and 15-20 buckling simultaneously, 
point 3 figure 6.26, which produced a reduction in the load being 
induced at node 20 and a slight increa se in the load being 
induced at node 30. The experiment was continued resulting in 
the buckling failures of members 21-32 and 9-20 at the points marked 
4 and 5, figure 6.26, respectively. Figure 6.17 shows the failed 
grid. 
The test was stopped and the structure unloaded. The 
double-layer grid was carefully inspected and the local 
bending failures indicated in figure 6.25 were observed. However at 
what stage of the loading these failures occurred is difficult to 
assess due to the small changes in geometry involved as the 
plastic hinges first form. 
The experimental result obtained is of value as 
it indicates -some of the problems involved in the 
collapse analysis of double-layer grids and in particular the 
problem of maintaining symmetry in the inelastic range of behaviour. 
Because of the'loss of symmetry caused by the failure of member 
19-30 before member 8-9, the result cannot be used to investigate 
the validity of the theoretical analysis other than in predicting 
the first member failure. 
However for completeness the theoretical load-disMacement 
behaviour of the loaded nodes is shown in figure 6.26. The failure 
sequence predicted was as follows 
,:, - 
Point A- the buckling of* 
members 8-9 and 18-29. Point B- the buckling of members 19-20 
and 19-30. Point C- the yielding of members 3-4 and 23-34. 
Point D- the buckling of members 20-21 and 30-41. Point E- the 
buckling of members 15-20 and 30-35. 
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These results. were obtained using a yield stress 
of 286.5 N/mm2- and because this value was slightly less than 
the measured strut critical load (288.7 N/mm2) the buckling stress 
of all the struts in the model was taken as the yield stress. 
6.5.3. Grid No. 3 
Grid No. 3 was loaded at joint numbers 9 and 29 and as in 
the case of grid No. 2 this provided a line of symmetry along the main 
diagonal of the grid. The member failure pattern and the position 
of local bending failures observed in the test are shown in figure 
6.27. The load-displacement behaviour of the loaded nodes is 
shown in figure 6.28, and the structural behaviour observed 
during the test is described below. 
The elastic behaviour of the structure was symmetric until 
a mean value of load 3505N was reached. At this stage subsequent 
increments of displacement caused more load to be induced on node 29 
than on node 9. The load at node 29 was seen to reduce, point 1 
figure 6.28, as though a member had failed but no member failures were 
apparent in the structure. As more displacements were applied to 
the structure both the induced loads increased until a maximum mean 
load'of 4059N was attained (4233N at node 9 and 3885N at node 29). 
During the next increment of displacement member 8-9 buckled, point 2 
figure 6.28, having previously attained a mean axial value of 
294.0 N/MM2. The induced load at node 9 dropped suddenly to a 
value of 3440N whereas at node 29 the load rose to 3987N. At this 
stage a displacement of 4.88mm had been imposed on the structure. 
A further displacement of 0.5mm was incremented on the structure which 
. caused member 
18-29 to buckle having attained a critical stress of 
269.4 N/MM2. Therefore symmetry of the member failure pattern 
was regained. This ' 
return to symmetry was reflected in the 
load-displacement curve of the loaded nodes, point 3 figure 6.28. 
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As further increments of displacement were applied to the 
structure the following failures occurred and the points referred to 
are shown in figure 6.28. The next member to fail was member 19-20 
in compression, point 4 and this was shortly followed by its symmetric 
counterpart member 19-30, point 5. Further increments of displacement 
were applied to the structure resulting in the tension failure 
of member 3-4, point 6. The induced loads then remained at a constaht 
level until member 25-36 buckled, point 7. More increments of 
displacement resulted in member 25-26 buckling, point 8, and this was 
followed by the tension failure of member 23-34, point 9 and the 
buckling of members 31-32 and 31-42 at point 10. Larger increments 
of displacement were induced on the structure at this stage and 
these resulted in the buckling of members 20-31 and 20-21 at points 11 and 12 
respectively. The test was halted after another 20mm of displacement 
had been applied in two increments, and these caused the buckling of 
members 21-32 and 42-43 which are not shown in figure 6.28. The 
failed grid is shown in figure 6.18. 
The symmetry of member failures achieved in this test was very 
good and this is reflected in the load-displacement behaviour of 
the loaded nodes. The theoretfcal analysis was performed using a 
critical stress value of 281.7 N/mm2 which was the mean value of the 
critical stresses exhibited by members 8-9 and 18-29. The same 
value of stress was used for the yield stress because this value 
was in reasonable agreement with the values obtained in the stub column 
tests which were performed when the material for the grid was being 
selected. 
The theoretical prediction of the structural behaviour 
is shown in figure 6.28. The first members to fail are struts 8-9 and 
18-29 , point A. The structure then loses load carrying capacity and 
with increased deflections the tension members 3-4 and 23-34 yield, point B. 
These failures are followed by the buckling of member 13-19, point C. At 
this stage however the theoretical analysis is no longer in agreement 
-with the member failure pattern observed in the experiment and therefore 
subsequent theoretical member failures are not plotted in order that the 
comparison of results remains compatible. 
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These comparisons are shown in Appendix B2 and further discussion 
of them is found in section 6.6. 
6.5.4. Grid No. 4 
Grid No. 4 was tested under the same loading conditions 
as Grjd No. 3. The difference between the two tests was in the 
material properties of the two structures. The members in Grid No. 4 
were known to have very similar material properties to those of 
the members used in the fixed-end tension tests, having a mean 
value of yield stress of 375.4 ', 'I/mm2, section 4.6.1. 
The observed member failure pattern and the positions of 
local bending failures are shown in figure 6.29. The load-displacement 
behaviour of the loaded nodes are shown in figure 6.30 and the 
behaviour exhibited by the grid is described below. 
The elastic behaviour of the structure was linear and symmetric 
until a load of 4538N was reached. The first increment of displacement 
beyond this load caused member 18-29 to buckle having attained a 
maximum critical stress value of 285.6 N/mm2, point I figure 6.30. 
The induced load at node 29 dropped whereas at node 9 it continued 
to increase. A further 0.6mm displacement was induced on the 
loaded nodes until a load of 5212N was being induced at node 9 and 
3913N at node 29, point 2 figure 6.30. The mean axial stress 
in member 8-9 at this stage was 319.7 N/mml in compression. However 
during the next increment of displacement member 9-10 buckled. The 
reason for this could be attributed to strut imperfection. The 
induced load at node 9 decreased but further increments caused 
both loads to increase until a maximum mean value of 4861 N (4954 N 
at node 9 and 4768 N at node 29) was reached, point 3 figure 6.30. 
The next increment of displacement caused member 19-30 to buckle at a 
stress of 295.4 N/mm2 and this caused a sudden drop in the induced load 
at node 29. As further increments of displacement were applied to the 
double-layer grid the following member failures were observed and the 
points referred to are shown in figure 6.30. 
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The next member to fail was member 20-21 which buckled, 
thus causing a reduction in the induced load at node 9, point 4. The 
next failure was that of member 3-4 in tension, point 5 which was 
closely followed by the compression failure of members 31-32 and 
25-26 at points 6 and 7 respectively. The next members to fail in 
compression were members 31-42 and 42-43, point 8, and with 
further increments of deflection member 30-41, point 9. 
At this stage larger increments of displacement were 
applied to the structure causing the compressive failures of 
members 14-15 and 32-43. Figure 6.19 shows the structure after 
testing. 
The experimental results are shown in Appendix B3 
and although the theoretical collapse pattern was not observed 
the theoretical curves have been plotted. The same collapse 
pattern was predicted as was for Grid No. 3. A value of 285.6 N/mm 2 
was used for the member buckling loads. 
Further discussion of the results is found in the next 
section. 
6.6 Discussion of Results 
6.6.1 Elastic Behaviour 
The experimentally observed elastic behaviour of all 
four double-layer grids was such that 
be linear and symmetric, and therefore 
taken in the manufacturing and testing 
symmetry achieved in the elastic range 
that loss of symmetry in the inelastic 
attributed to structural behaviour not 
it could be considered to 
reflected the care 
processes. The good 
of behaviour meant 
range of behaviour can be 
to experimental inaccuracy. 
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The actual and analytical predictions, of vertical 
joint deflections were in goodagreement. The slopes of the 
load-deflection curves in all but one case showed the analytical results 
to overestimate deflections in the elastic range. This is to be 
expected because the rigid jointed double-layer grids tested 
were more stiff than their analytical pin-ended counterparts. The 
one exception was the loaded nodes of Grid No. l, figure 6.22. The 
reason for this discrepancy can be attributed to an experimental 
error in the calibration of the actuator displacement transducers. 
To prevent reoccurrence of the problem, the displacements of 
the loaded nodes in subsequent tests were monitored using an 
independent displacement transducer. 
The actual and theoretical mean axial stresses were in 
good agreement with the theory predicting slightly more overestimates 
of member axial forces than underestimates. This is again due to 
differences in the theoretical and actual joint conditions. 
6.6.2 Inelastic Behaviour 
1. Grid No. l. The results shown in figures 6.22 to 
6.24 and Appendix BI show that the analytical program provides 
an accurate prediction of the actual structural behaviour. 
The actual and theoretical vertical joint deflections 
are in very good agreement after the structure becomes a mechanism. 
Of particular interest are the deflections of nodes 12 and 23, figures B1.7 
and B1.11. These results provide a good test of the analytical 
technique because the observed load-displacement behaviours were 
significantly different from the behaviours of the other nodes 
whose deflections were monitored. The reason for this difference is 
that nodes 12 and 23 lie along the edge of the grid connecting nodes 
I and 56 and when the mechanism forms this edge becomes a line of rotation 
for the structure. If the structure were perfectly rigid then nodes 12 and 
23 would not deflect even after the mechanism was formed. However 
the double-layer grid is not perfectly rigid and therefore these nodes do 
deflect but the deflections are caused predominantly by the continued 
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application of load at nodes 20 and 42. The analysis was seen to 
predict the behaviour of these nodes as accurately as it 
predicted the behaviour of nodes which were influenced by the mechanism. 
The predictions of mean axial stresses in the inelastic 
range of behaviour were not as accurate as the predictions of 
joint deflections because of the loss of symmetry in the grid and 
the increasing effects of bending moments. However the theory 
was seen to predict the general changes in size and magnitude 
of the member axial forces. The mean load-bending moment plots 
in figures 6.31 and 6.32 show how bending moments play an increasing role in 
the structural behaviour as loads increase and as the structural 
behaviour becomes inelastic. 
The member failure pattern observed in the experiment was 
not predicted by the symmetric theory. The difference in patterns 
was caused by loss of symmetry in the structure which was due to member 
47-48 yielding and to strut imperfection. Member 47-48 yielded at a 
mean axial stress of approximately 220 N/M2 which was lower than any value 
experienced in the member tests. The bending moment in the member 
prior to failure was found to be of negligible magnitude, figure 6.32, 
and therefore the member failure could have been due to material 
defect. Failure of member 47-48 caused loss of symmetry about axis B-B, 
figure 6.21, and a result of this was that members 8-9 and 9-10 
became more highly stressed than members 52-53 and 53-54. 
Strut imperfection was the probable cause of member 9-10 
failing before member 8-9. As member 9-10 buckled it would release 
strains in member 8-9 and hence the possibility of symmetric buckling 
about axis A-A, figure 6.21, would also be lost. (The loss of symmetry 
is the probable reason that point B on the theoretical equilibrium path, 
figure 6.22 is not observed experimentally). 
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An analysis was performed in which strut imperfections 
were simulated in members 8-9 and 52-53 by changing their critical load 
values to the yield stress value. Both members were changed in 
order to maintain symmetry about axis B-B because if symmetry is lost in the 
analysis the values of deflection at the loaded nodes no longer remain 
equal at every stage of loading and compatability with the test 
conditions is lost. The result of this analysis predicted the same 
final collapse pattern of compression members as observed in the 
test. This is further evidence of the validity of the analytical 
technique. 
The loading case used in this experiment is of interest 
as it lends itself to the use of the yield line theory for predicting 
the structures ultimate load. The M- Omethod of Dickie and Dunn (47) using 
the critical load values and member sizes shown in Table B. 1 Appendix B, 
predicts that the mechanism observed in the experiment would have 
occurred at an ultimate load value of 8445N which compares very 
favourably with the experimental mean load value of 8410 N. (A value 
of 7653N was predicted by the analysis. ) However as pointed out in 
section 6.5.2 the actual buckling stress of the members in 
this grid was probably higher than the value indicated in 
Table B. 1, and therefore if a higher value were used the yield line 
method would predict a less accurate value of the structures ultimate 
load carrying capacity. 
2. Grid No. 2. The results of the experiment on Grid No. 2 cannot 
be used to investigate the validity of the analytical technique other 
than in the elastic range of behaviour because the inelastic 
behaviour of the grid was unsymmetric at all times, figure 6.26. Therefore 
no further experimental data is presented and discussion is confined to 
general observations. 
The compression failure of member 18-29 before member 8-9 
can be attributed in part to member imperfections because the elastic range 
of behaviour was seen to be symmetric. The redistribution-of internal 
forces in the structure caused by this failure was such that further 
increments of deflection caused member 19-30 to buckle before 
185 
member 8-9 and a different member failure pattern occurred than 
was predicted by the analysis. The result shows the importance 
of being able to predict the force redistributions which occur as 
members undergo plastic buckling, and that the overall behaviour 
can be sensitive to strut imperfections. 
3. Grid No. 3. The comparison of actual and theoretical results 
is limited to the early range of inelastic behaviour because beyond the 
first few member failures the predicted member failure pattern was not 
observed experimentally. However in this range the general trend 
of structural behaviour was predicted by the theoretical analysis. 
The experimental results show that the theory overestimates 
the vertical joint deflections in both the elastic and inelastic range 
of behaviours and this can be attributed to the analytical assumption of 
pin-jointed members. Similarly although the analysis predicts the 
general changes in sign and magnitude of member axial stresses, the 
rate at which these stresses change with increasing deflection is not 
predicted sufficiently accurately for the analysis to follow the 
actual member failure pattern. 
The reason for this inaccuracy is the difference in 
the analytical and experimental joint conditions. The pin-jointed analysis 
does not predict the actual stress distributions'in a rigid Jointed 
double-layer grid as the effects of bending moment, torque and shear are 
neglected. Therefore the rate of change of axial forces that 
occur as members fail are not predicted accurately and hence 
members attain elastic limits at different stages than anticipated. 
4. Grid No. 4. Although a symmetric member failure 
pattern was not observed in this test some interesting observations 
can be made from the results. The strain gauges were positioned 
to investigate the stresses in the members which failed in Grid No. 3 
and the results for members 25-26,31-32 and 31-42, and 42-43 in 
figures B3,18, B3.19 and B3.22 show how members which in the elastic range 
were only nominally loaded can become highly stressed in the 
inelastic range. 
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The result is also of interest because as of the four grids tested 
this was the only one which. showed the structure having a reserve of 
strength beyond the elastic limit load, and the ultimate load 
was attained after members had buckled in the grid. 'The 
theory also predicted that there would be a strength reserve for this 
particular loading case and structure. 
6.6.3 Ultimate Loads 
The values of ultimate load obtained in the four experiments 
and predicted by the analysis are summarised in Table 6.4. below. 
Table 6.4 Summary of Ultimate Load Values (Units in Newtons). 
Gri d No. 1 2 3 4 
Experimental (Mean Value) 8410 5868 4059 4861 
Analytical 7653 6300 4343 4821 
-Percentage Error -9.0 +7.4 +7.0 -0.8 
It should be noted that the theoretical prediction of the ultimate load 
for Grid No. 1 would be improved if a higher value of the member buckling 
stress were used and it has been shown that there is justification 
for doing so. 
It is of interest that the analytical technique in every 
case predicted whether or not a reserve of strength existed beyond 
the elastic limit load. 
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Figure 6.2.1 - Different views of Top and Bottom Layer Joints. 
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Figure 6.2.2 - The Joint Dimensions. 
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Ii gure u. J. I-ýne -ý uin1, Manufacturing Jig in 
position on the mill bed 
(without a joint). 
Showing how the joint is, 
held in position. 
Figure 6.3.2 -A Joint 
being Manufactured. 
One of the four sloping 
faces is about to be 
machined by removing a 
corner from a 1,1" steel 
cube. 
I 
I 
ýýeing manufactured on the Grid 
Fabricatirýr 
I 
" 
V 
Figure 6.5 -A Compass Jig. 
Figure 6.6 - Joint Supports in position on the Grid Fabrication Jig. 
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Figure 6.7.1 - Top View of Upper Layer Joint fixed in position on 
the Fabrication Jig before welding. 
Figure 6.7.2 - Underside View of Upper Layer Joint in position on 
the Fabrication Jig before welding. 
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Figure 6.8.1 - Bottom Layer Joint Support (showing joint locating 
tongue and adjusting screws). 
Figure 6.8.2 - Top View of Bottom Layer Joint in position on the 
Fabrication Jig before welding. 
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Figure 6.10 - Support Detail. 
Figure 6.11 - Actuator Base 
straddling the Transducer Grillage 
with Actuator (A) in position. 
Figure 6.12 - Method of Attaching 
the Loading System to the Model. 
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Figure 6.13 - Flow Chart of the Computer Program 
used in the Double-layer Grid Experiments. 
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Figure 6.14 - Schematic Representation of 
the Experimental System used 
in the Double-Layer Grid Tests. 
Figure 6.15 - Initial Aborted Test showing buckled member 1-7 
and local bending failure of members 1-2 and 1-12. 
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Figure 6.16.1 -Overall View of Grid No. 1 after failure. 
ý ig, re (. 
11, 
,. -, - 
Cloý, e-up of the failure 
mechanism. 
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Figure 6.17.1 -Grid No. 2 viewed along Joints 18,19,20,21 , 22 after testing. 
Figure 6.17.2 - Buckled Members around Joint 20, Grid No. 2. 
Figure 6.18.1 - Grid NO. 3 after removal from the test bed 
(bottom left hand corner is joint 1). 
Figure 6.18,2 - Part of Grid No. 3 over the support at joint 
number 1. 
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Figure 6.19.1 - Grid No. 4 after failure, viewed from the side 
connecting supports at nodes I and 6. 
Figure 6.19.2 - Grid No. 4 after failure, viewed from the side 
connecting supports at nodes 1 and 56. 
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Load 
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Di spl acement 
Figure 6.20.1 - Idealised Load-Displacement Behaviour of a 
Loaded Node. 
Load 
0 
Displacement 
Figure 6.20.2 - Idealised Load-Displacement Behaviour of an 
Unloaded Node. 
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Figure 6.21 - Member Failure Pattern for Grid No. l. 
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formed during the course of the experiment. 
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Figure 6.25 - Member Failure Pattern for Grid No. 2. 
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CHAP* 
TER 
APPLICATIONS OF THE THEORETICAL ANALYSIS 
7.1 Introduction 
The experimental evidence has shown that the general collapse behaviour 
of the model grids can be predicted, by the proposed means of analysis, 
within the limitations discussed in Chapter 6. Therefore, the theoretical 
collapse behaviours of six different configuration double-layer grids were 
investigated using the computer program PASF. This program has also been 
used to study the collapse behaviour of double-layer domes ( 70 ). 
An in-depth collapse study of the different grids was not possible due 
to time limitations and therefore the results of this Chapter are put 
forward to indicate the potential applications of a collapse analysis 
approach to design. The grids which are analysed are not design examples 
and therefore no claims are made about the possible advantages of particular 
configurations. However, comparisons of the behaviour of the grids are 
made on the basis of material volumes and it is shown that improvements in 
structural behaviour may be achieved by making minor modifications to the 
initial structure. 
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7.2 Description of the Structures 
The six double-layer grid configurations considered are those used 
in the British Steel 'Nodus' system of construction, which is described 
in detail by Walker (2.5 ). Figure 7.1 shows all the grid types in plan 
and these configurations provided the 'quarter grids' used in the analyses. 
Symmetry was assumed in this study although it has been seen that the 
sensitivity of strut critical loads to imperfections can result in loss 
of symmetry during collapse. This important effect could form the 
basis of a detailed future research study. 
To obtain abasis for a comparison of the collapse behaviour of the 
Iý different types of grid, the following design constraints were imposed on 
each configuration. 
(I)IThe total area to be covered was 35m x 35m. This gave rise, 
to thedimensions shown in figure 7.1. (Dimensions are in mm). 
(2) A constant grid depth of 1.75m (span to depth ratio of 20) was 
to be used. 
(3) Comiche profiles were to be adopted. 
(4) Each'structure was to be considered under the action of a u. d. l. 
over the top layer of the grid. 
(5) The top and bottom layers were to consist of constant section 
members (168.3 x 5mm CHS) and the bracin, g members were to be of a 
smaller constant section (139.7 x 5mm CHS). These dimensions 
were chosen to give' typical design slenderness ratios and ensured 
that the initial member failure in each grid was tensile in 
nature, as would be expected in a design based on current practices. 
(6) The grids were to be supported at their extreme corners and at 
perimeter mid-span by fully fixing relevant top-layer nodes. 
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(7) The material properties of all the grids were to be those 
of grade 43C steel (E=2lOkN/mm2, cr =255N/mm 
2 
y 
Information regarding the geometry, loaded nodes and nodal supports 
for each structure are given in figures 7.2.1 to 7.2.6, where the following 
notations have been adopted: 
Top chord members. 
Bottom chord members. 
--- Bracing members. 
0 Loaded top layer node. 
0 Unloaded bottom layer node. 
Position of fully fixed node. 
Only the quarter grids are shown and to clarify the structure topography, 
where in plan view the bracing members are coincident with other members the 
bottom layer has been offset diagonally. 
It should be noted that due to the geometry of the grids the number of 
supports for each grid is not a constant and this will have an effect on 
the resulting comparisons. 
7.3 Analysis of the Structures 
The column post-buckling characteristics were obtained as described 
in section 5.3. The quarter grids were then partially constrained and 
analysed under the action of a unit u. d. l. Four analyses were performed 
on each grid configuration to investigate both the effects of strain 
hardening in the tension model and of increasing the size of some bracing 
members. The analyses were as follows: - 
Analysis No. 1 - The analysis of the original structure taking into account 
strain hardening in the tension characteristic. 
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Analysis No. 2 -A repeat of the first analysis but changing the tension 
model to an elastic-plastic one. 
The results'of grid types, l, 2 and 6 showed that the first failures 
occurred in the bracing members at the mid-span supports and therefore a 
second pair of analyses were performed after increasing the sizes of a. I. Z 
the bracing, members connected to any support, to those of the chord members. 
The'm'embers effected are listed in Table 7.1. 
Analysis No. 3 - The analysis of the modified structure with a tensile 
characteristic incorporating strain hardening. 
Analysis No. 4 - The analysis of the modified structure ignoring the effects 
of strain hardening in the tensile behaviour. 
Table 7.1 
Members 'undergoing increased stiffness and the central joirtnumber 
for each grid type. 
Grid Type Members being Stiffened Central Joint No. 
1 1-6, 5-9, 36-41 49 
2 1-5, 4-5, 3-99 26-27 31 
3 2-6, 2-70 5-9o 25-30o 30-. 32 27 
4 1-4, 2-70 15-16,40-41 45 
5 2-69 2-7j 5-9v 24-290 29-31 26 
6 1-6, 5-69 4-129 41-42 48 
41, - 
219 
7.4 Res ul ts 
7.4.1 General 
In all twenty four analyses the maximum joint deflection at each 
collapse was found to be at the relevant grids central node. The joint 
numbers corresponding to these nodes are given in Table 7.1. Plots of 
external load versus central joint deflection are presented for each 
configuration using the following notation. 
-: L*--- 
A 
-----4. ----. 
Analysis No. I 
Analysis No. 2 
Analysis No. 3 
Analysis No. 4 
The collapse patterns for each grid are also given, but only for the 
cases involving strain hardening. The failure patterns for the elastic- 
plastic idealisation can however be deduced, by consideration of the load- 
deflection plots together with the presented collapse patterns. 
7.4.2 Configuration Type I 
This is a square -on-square offset configuration double-layer grid. 
The results of the analyses for this configuration are shown in figure 7.3.1. 
The member failures are tensile and the grids demonstrate ductility beyond 
the initial collapse load. 
The results show that the extra stiffness provided to some of the bracing 
members in the modified grid causes the initial failure sequence to change,, 
the initial failure load to increase and the ultimate load to be achieved 
with smaller deflection in the case where strain hardening is considered. 
The failure patterns for Analyses Nos. 1 and 3 are shown in figure 7.3.2, 
and it is of interest that, after the first five sets of members fail, the 
sequence of failures for both grids is identical up to the ultimate load, 
with these failures occurring at similar loads but at markedly different 
di spl acements. 
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The 0.4% increase in volume of the modified grid produces an 
increase in the initial failure load of over 20%, however, the ultimate 
load is decreased by 0.2% but occurs with 10% less deflection. 
The effects of strain hardening are very marked in that the ultimate 
load carrying capacity of both grids are increased significantly. However, 
without strain hardening the ultimate load of the original grid is 
approximately 20% lower than that of the modified one. 
7.4.3 Configuration Type 2. 
This is a square-on-square offset diagonally configuration double- 
layer grid. The results of the analyses for this configuration are 
shown in figure 7.4.1. The same collapse pattern occurred for both 
the modified'and original structures and is shown in figure 7.4.2. 
The collapse is confined to regions around the supports. 
The effect of modifying the structure is to increase the volume 
by 0.5%, the initial failure load by 24% and the ultimate load by almost 
10%. The ultimate load is reached at approximately the same deformation, 
for each grid and results in the buckling of members 5-6 and 5-10. 
The pre-ultimate behaviour is not effected by the influence of 
strain hardening in either structure. 
7.4.4 Configuration Type 3 
This is a square-on-larger square configuration double-layer grid. 
The results of the analyses for this configuration are shown in figure 
7.5.1 and the collapse pattern is shown in figure 7.5.2. The same 
pattern of failures occurred in each analysis and the results were 
unaffected by tensile strain hardening. 
The members which failed first in the original grid were the tension 
members in the lower chords which encompass the grid centre. Therefore, 
because the stress distribution at the grid centre is only very slightly 
altered by the modifications made to the structure, the collapse behaviours 
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of the two grids are almost identical. 
As in the case of configuration type 2, no reserves of strength 
existed in the grids beyond the occurrence of the first compression 
failure. 
7.4.5 Configuration Type 4 
Th - is is a square-on-larger square set diagonally configuration 
double-layer grid. The results of the analyses for this configuration 
are shown in figures 7.6.1 and 7.6.2. The grids behave in a very 
ductile manner and the collapses are not effected by strain hardening 
or by the provision of larger bracing members at the supports. The 
ultimate load is attained as the compression chords at the centre of the 
grid reach their critical load. A different collapse could have been 
obtained by increasing the lower chord member sizes, however as previously 
stated, the grids are not practical designs. 
7.4.6 Configuration Type 5 
This is a square-on-diagonal configuration double-layer grid. 
The results of the analyses for this configuration are shown in figures 
7.7.1 and 7.7.2. The effect of modifying the structure was to slightly 
alter the collapse sequence in the post-ultimate portion of the behaviour 
curves. Figure 7.7.2 shows only the collapse pattern for analysis 1. 
The results were not affected by tensile strain hardening. 
Collapse of the structure involves compressive failures of both 
bracing and chord members, with the initial compressive failure occurring 
as the ultimate load is attained. 
7.4.7 Configuration Type 6. 
This is a diagonal-on-square configuration double-layer grid. The 
results-of the analyses for this configuration are shown in figures 7.8.1 
and 7.8.2. The results are very similar to configuration type 1, with 
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progressive tensile failures occurring which allow the structure to carry 
increased loads under steadily increasing deflection, until a compressive 
failure occurs in bracing near the mid-span supports, However at this 
stage_, the tension members at the supports which failed initially (members 
4-12 and 41-42) are very highly stressed in tension and therefore the 
elastic-plastic idealisation of tensile behaviour would probably furnish a 
more represen tat ive description of this particular grids collapse behaviour. 
The 0.4% increase in volume of the modified grid provides an increase 
of 25% in the initial collapse load and in the elastic-plastic analyses 
the ultimate load is also increased by a value of 13%.. 
7.4.8 Comparison of Results 
Figure 7.9 shows bar charts of load to volume ratios for the twenty 
four 
I 
analyses. Both the load causing initial member failure and the 
I ultimate loadare, indicated. In the case of configurations I and 6 
the ultimate loads for analyses2 and 4 were taken as the load values-, - 
, at 
the points marked A in figures 7.3.1 and 7.8.1. 
Jhe results-should be compared solely on the basis of the initial 
member failure loads as these represent the limit of linear structural 
behaviour. For this particular example it can be seen that configuration 
5 and the modified grid of configuration I provide the best elastic load 
to volume ratio. Provided the slenderness ratios were not adversely changed 
then application of a constant scale factor to the area of every member of 
grid 5 would enable it to carry the same load as modified grid 1, using-the 
same amount of material. Basing the choice of which grid to use on elastic 
design, methods would result in the choice of grid 5 as it would deflect 
slightly less under working load and possesses a smaller number of joints. 
However, --a'collapse analysis on the newly sized grid 5 may show that grid 1 
still possesses a more favourable tensile collapse characteristic with a 
higher reserve of strength. In this instance, the cost of increased safety 
over less joints shodlý be considered. 
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CONCLUSIONS 
8.1 General 
The collapse behaviour of double-layer grids has been investigated 
both theoretically and experimentally. Double-layer grids usually 
transmit externally applied loads as axial forces and therefore a technique 
of analysis has been developed which considers the yielding of ties and 
the buckling of-struts. The analytical technique uses a 'modulus 
replacement' rather than a 'member removal' method of representing members 
which have failed and therefore takes into consideration the contribution 
of stiffness that these members continue to make to the structure. 
The range of member slenderness ratios used in practical double-, 
layer grids are such that if a strut is overloaded it will undergo plastic 
buckling and lose some of its load carrying capacity. Therefore, to 
provide accurate information about strut behaviour for the analytical study, 
an investigation into the plastic post-buckling behaviour of tubular struts 
was carried out. This study involved theoretical and. experimental work. 
The conclusions of the present studies are divided into two sections. 
The first section concludes the strut post-buckling study, the second section 
concludes the study of the collapse behaviour of double-layer grids. Some 
suggestions are made in each section for further investigations. 
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8.2 PostBuckling Behaviour of Struts. 
8.2.1 Present Study 
Axial load to axial shortening relationships for elastic-plastic 
tubular struts in the post-buckling range have been developed. The 
effects of tube size, end conditions, yield stress and deflected shape 
have been taken into consideration. The effects of imperfection, local 
wall buckling and changes of cross-sectional geometry as lateral deflections 
increase are not considered. The theory has been compared with experimental 
post-buckling curves obtained from compression tests performed on mild 
steel tubular struts with either "fixed" or "folded" end conditions. 
The results of the tests performed on foldedTend tubes have shown 
that this end condition has a considerable effect on the pre-buckling and 
pre-yield behaviour of a member. In tension the effect is to reduce 
the effective modulus of the member and the behaviour remains linear. 
However, in compression the pre-buckling behaviour can become unpredictably 
non-linear. This behaviour is caused by random non-linear axial strains 
which occur in the yielded zones at the ends of the column where the cross- 
section changes from being tubular to being rectangular as a result of 
forming the end condition. The random occurrence of non-linear pre-buckling 
behaviour could have been due to the unrepeatable nature of the tube end 
flattening process. Non-linear results occurred less often in longer 
struts because these struts buckle at lower loads. The non-linear pre- 
buckling behaviour observed makes the folded-end condition unsuitable for 
use in the manufacture of structures for laboratory tests in which the 
objective is to validate theoretical analyses which assume linear elastic 
behaviour. 
Although the pre-buckling behaviour was affected by the folded-end 
condition the strut post-buckling curves are very repeatable for a given 
slenderness ratio and it is concluded that the only effect of the end 
condition on the post-buckling behaviour is to provide stiffness against 
rotation. The amount of end restraint provided lies between the fully 
fixed and pin-ended conditions. Although struts of similar slenderness 
ratios buckled at different values of load their post-buckling characteristics 
converged rapidly and were very repeatable. Therefore it is concluded 
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that initial strut imperfections have a far greater influence on 
critical strut loads tKan on the strut post-buckling behaviour. ' This is 
to be expected because as lateral deflections increase after buckling 
then the relative magnitudes of imperfections such as initial 
ýow 
and 
the eccentricity of applied load decrease and hence their effects 
on the post-buckling behaviour are greatly reduced. 
The comparisons of the theoretical and experimental post-buckling 
behaviours for both types of end condition show that the theoretical 
curves do provide relatively accurate predictions of the strut post- 
buckling behaviour. The folded-end results show that for slenderness 
ratio values of 60 upwards the experimental curves are bounded by the 
fixed and pinned-end theoretical results. The slopes of the curves 
are in good agreement especially as deformations increase, However, 
the result for a slenderness ratio of 50, figure A2.1, shows the 
experimental curve to lie above the fixed-end theoretical result. 
The results of figure A1.1 confirm that the other struts of this 
slenderness ratio would also have lain above the fixed-end theoretical 
curve. A possible explanation for this result could be that the 
theoretical assumption of a perfectly symmetric deformed shape seldom 
occurs in practice. The actual post-buckling deflected shapes assumed 
by short struts deviate more from symmetry than those assumed by long 
struts. Therefore, it is suggested that there exists a slenderness 
ratio limit below which the theoretical results may be inaccurate. 
For the struts tested it appears that this value will lie in the slenderness 
ratio range 25 <L/. r <50. 
The fixed-end results show that the theoretical predictions of 
strut post-buckling behaviour provide conservative estimates of the actual 
behaviour of struts with slenderness ratio values of approximately 52. 
Of the theoretical curves produced the thin wall, sinusoidal deflected 
shape theory was found to give the best prediction of the actual behaviour. 
Further research should be performed to investigate the effects of wall 
thickness on the actual strut post-buckling behaviour. 
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The theoretical relationships were found to be dependent on the 
material yield stress and it was shown that in theory struts fabricated 
from higher grade steels are more unstable in the initial post-buckling 
range and shed proportionally more load than their lower grade steel 
counterparts. This theoretical observation could not be assessed in 
the folded-end tests as there was insufficient difference between the 
two values of material yield stress exhibited by the struts in these 
tests. A larger difference between strut yield stress values was found 
in the fixed-end tests but these tests provide insufficient experimental 
data to meaningfully assess the effect of yield stress on the behaviour. 
8.2.2 Future Investigations 
Listed below are some suggestions for further research into the 
post-buckling behaviour of columns. The suggestions are in the main 
connected with the further acquisition of experimental data so that the 
general validity of the proposed theory can be established. 
1. A similar experimental investigation as that undertaken for the 
folded-end tubesý should be performed for fixed and pin-ended 
struts of various slenderness ratios. 
2. The theory should be validated for tubes of different diameters 
and wall thicknesses. 
3. The theory should be validated for different grades of steel. 
4. The theory should be extended to encompass other sections which 
are used in double-layer grid construction e. g. square hollow 
sections. Theoretical predictions of behaviour should again 
be verified experimentally. 
The deflected shape that struts assume as lateral deflections 
increase after the inception of buckling should be investigated. 
This could be achieved by taking cine film of experiments. Initial 
studies could be performed on rectangular sections so that the 
direction of buckling would be known. 
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8.3 Collapse Behaviour of Double-Layer Grids 
8. J. 1. Experimental and Theoretical Work 
Four rigid jointed double-layer grids have been carefully 
manufactured, eliminating where practicable potential sources 
of-structural imperfection. The inelastic behaviour of the grids 
has been investigated by loading them beyond their elastic limits 
under laboratory conditions. The experiments were performed 
under displacement control using accurate and reliable equipment. 
To improve accuracy the tests and the acquisition of data were 
performed under computer control. Reliable data has been collected. 
The results from the experiments have been used to 
investigate the validity of an analytical technique which 
predicts the collapse behaviour of pin-Jointed double-layer 
grids. The analysis uses a series of linear analyses 
and the mathematical representation of buckled members is based 
on the theoretical post-buckling curves which have been discussed 
elsewhere. 
Although the joint conditions used in the experimental study 
were not those assumed in the analytical program, comparisons of 
the actual and theoretical structural behaviours show that the 
'modular replacement' technique of analysis does predict the 
general distributions of internal force in both the elastic and 
inelastic regions of structural behaviour. (The post-buckling 
characteristic used in these comparisons was derived from the fixed-end 
theoretical post-buckling curves. ) The 'modular replacement' 
technique does therefore provide a valid basis for further investigations 
into the collapse behaviour of double-layer grids. 
, 
The pin-jointed 
analysis is not suitable for predicting accurately the inelastic 
behaviour of rigid jointed double-layer grids as bending moments etc. 
are not considered. Similarly geometry changes were not taken into 
consideration and these will have an increasing effect on the 
inelastic behaviour as deflections increase. 
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Further studies should consider rigid joints and geometric 
changes as well as buckling effects which have been the main topic of 
investigation in the present study. The experimental results presented do 
provide a reliable means of investigating the validity of other 
and future analytical studies. 
The experimentally observed behaviour of the double-layer 
grids in their elastic range was in all cases symmetric and linear 
and reflects the care taken in manufacturing and testing the 
structures. However, the results show that the inelastic 
behaviour of the grids was unsymmetric and it is concluded that 
this was due to the effect of imperfections on member critical 
compressive loads. 
In a geometrically symmetric double-layer grid under the 
action of a set of symmetric applied loads the elastic behaviour is 
symmetric. If the applied load is at a value that causes 
a set of symmetric struts to attain their critical load values, 
which are theoretically identical, because of strut imperfections 
one of the members will buckle before the others and hence symmetry is 
lost. If the strut undergoes plastic buckling it will cause an unsymmetric 
redistribution of internal forces in the structure. It has been seen in 
these experiments that this redistribution of forces can result in a 
completely different member failure pattern occuring than that 
predicted by a perfectly symmetric analysis. The collapse behaviour 
of double-layer grids is therefore sensitive to imperfections. An 
advantage of the proposed analysis is that it can predict the collapse 
behaviour of a double-layer grid provided the critical buckling load 
of each member is specified. Therefore the analysis could be 
used in a statistical study where imperfections are simulated as random 
variations in strut failure loads. 
The experimental results confi m that highly redundant ' 
double-layer grids made of ductile material do not necessarily possess 
a reserve of strength beyond their elastic limit load if, their 
inelastic behaviours involve the plastic buckling of struts. In 
addition, a single strut failure can result in the sudden collapse 
of a double-layer grid. However, the results of Grid No. 4 show that 
buckling failures do not necessarily prevent a double-layer 
grid from possessing further load carrying capacity. 
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8.3.2. Applying the Analysis to Different--Configurations 
The theoretical collapse analysis program PASF, was 
used to investigate the perfectly'symmetric collapse behaviours of 
six double-layer grids with different configurations. Because only one 
set of member sizes and overall grid dimensions was used in the 
analysis of each configuration, general conclusions of the 
behaviour exhibited by each configuration cannot be made. However some 
interesting results were obtained by investigating the effects of 
making minor changes to a few members in each structure and of 
tensile strain hardening on the different collapse behaviours. 
The results show that the inclusion, of strain hardening 
in the tensile member characteristic does not always result in a 
double-layer grid having a greater ultimate load value 
than if elastic-plastic tensile behaviour is assumed., Therefore 
analytical methods which use elastic-plastic'tensile member characteristics 
do not necessarily produce conservative estimates of ultimate 
load values. It should not be assumed that theýeffect of strain hardening 
will always be to'increase the ultimate failure loads of double-layer 
grids whose inelastic behaviours involve members failing in 
tension. 
The results also show that increasing the size of a 
few members which are highly stressed in the elastic range 
of behaviour can significantly improve the elastic limit load of the 
structure. However these small, changes do not necessarily 
improve the ultimate load carrying capacity of the structure., 
8.3.3. Future Investigations 
The analytical technique and program presented in this study 
do provide a basis for further studies of the collapse behaviour of 
double-layer grids... Some suggestions as to how the analysis could be 
used, and extended are as fol lows: 
An extensive series of analyses should be performed on 
different configurations of double-layer grids to 
investigate the'effects of changing overall dimensions and member 
sizes on their collapse behaviours. 'If general trends of 
behaviour are observed for each configuration then it may be possible 
to evolve design criterion which will give rise to structures with 
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strength reserves beyond their elastic limit loads. Hopefully 
this could be achieved without having to overdesign many members. 
2. The study described above should be extended to 
double-layer grids which have been designed using 
optimisation techniques. 
3. It has been seen in the present study that the 
inelastic behaviour of double-layer grids is very 
dependent on strut buckling loads. The effect of 
imperfection on strut critical loads is such that 
symmetry of collapse in a practical symmetric structure 
under the action of a set of symmetrically applied loads 
(e. g. a uniformly distributed load) is unlikely. 
Initial loss of symmetry can result in different collapse 
patterns occurring in a structure than would be. 
anticipated from the symmetric collapse analysis. The 
effects of loss of symmetry due to strut imperfection on 
the collapse behaviour of double-layer grids should be 
investigated. Such an investigation could be based on a 
statistical study of results from analyses in which strut 
imperfections are simulated as a set of randomly 
distributed initial member stresses. 
4. The prediction of strut critical loads is complicated 
by the variable effects of imperfections. The inelastic 
behaviour of double-layer grids may involve strut 
failures even if compression members are overdesigned. 
Therefore a method of predicting upper and lower bound 
values of ultimate loads for double-layer grids in which 
struts fail could be used to supplement an imperfection 
study such as that described in the preceding paragraph. 
A simple way of achieving these limits could be to 
analyse each structure twice using two different methods 
ofýpredicting the strut failure loads. An upper bound 
solution would be obtained by using the Euler curve with a 
yield stress cut-off. A lower bound ultimate load would be 
obtained using an appropriately factored column curve which 
considers imperfections e. g. Approximate E. C. C. S. formula. 
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Previous results (52) have shown the importance 
of accurately modelling compressive member post-buckling 
behaviour. The effects on the structural response 
of double-layer grids due to increasing the number of 
steps in the post-buckling member characteristic should be 
studied. If the proposed analytical technique is to be 
adopted in practice then a limit to the number of steps 
in the post-buckling model should be found beyond which 
result accuracy is not improved sufficiently to 
warrant increased computer costs. 
6. The analysis should be extended to rigid-jointed 
double-layer grids. 
7. The effects of geometry changes on the collapse 
behaviour of double-layer grids should be investigated. 
8. Further experiments should be performed on different 
configurations of double-layer grids. 
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APPENDIX A COMPRESSION TEST RESULTS 
Appendix Al. Strut Post-Buckling Curves (Folded-End Conditions). 
The form of the post-buckling curves for struts of approximately 
equal slenderness ratios are presented in figures AM to AIA. 
The effect of the folded-end conditions has been seen (Chapter 4 and 
reference 41) to induce extra non-linear axifl deformations in the 
pre-buckling range of strut behaviour. These deformations make 
direct comparisons of strut post-buckling behaviour difficult. Therefore, 
the strut pre-buckling behaviour has been suppressed and the curves 
presented are plots of mean axial stress against strain beyond the 
critical strain. The critical strain is taken as the strain at the 
buckling load. 
Four sets of curves are shown corresponding to approximate 
slenderness ratio values of 50,70,90 and 110. Three curves are 
shown in each figure and these curves were obtained from the tests 
at the mean rate of shortening. Very similar results were obtained 
for other slenderness ratios and shortening rates (41). 
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Appendix A2. Comparisons of Post-Buckling Curves 
(Folded-End Conditions) 
Figures A2.1 to A2.8 show comparisons of theoretical and 
experimental post-buckling curves for struts with slenderness ratios 
of 50 to 120 in increments of 10. A typical experimental result from 
the mean rate of shortening has been used. The slenderness ratios 
quoted on the figures are pin-ended values and details of the strut 
section properties are reported elsewhere (41). 
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Appendix A3. ComparisOns of Post-Buckling Curves 
(Fixed-End Conditions). 
Figures AM to A3.5 show comparisons of theoretical and 
experimental buckling behaviours for fixed ended tubular struts. 
The struts were individually measured and the mean section properties 
of each strut have been used in the comparisons. The slenderness ratios 
quoted are fixed-end values. 
The material used in these experiments was found to be of mixed 
grade and therefore the exact values of yield stress to use in the 
comparisons are unknown. However, 'there are a number of factors 
which allow reasonably confident estimates of yield stress values to 
be made. The stub column tests described in section 6.2.3 showed the 
material to fall predominantly into two grades. The first grade was 
used in manufacturing Grid No. 3, the second in manufacturing Grid No. 4. 
The material in Grid No. 4 was very similar to that tested in the fixed-end 
tension tests with a yield stress of 375.4 N /mm2 (Table 4.4). The 
experimental tests of Grid 3 showed that material to have a yield stress 
in the region of 281.7 N/mm 
2. The post-buckling curves of figure 4.18 
linked with the observations made of the curves in Appendix Al and 
reference 41 indicate that three types of material were involved in the 
fixed-end compression tests. The values of yield stress adopted in the 
comparisons are based on critical load values, wall thicknesses and 
post-buckling behaviour. 
A value of 375.4 N/mmý has been used for tests CF20 and CF21. A 
value of 281.7 N/mm 
2 has been used for tests CF22 and CF23. The material 
used in test CF24 appears to have been of a higher grade and the maximum 
value of yield stress attained in Table 4.4 has been adopted (394.7 N/mm 
2 
test reference No. TF13). 
In all the comparisons the value of elastic modulus adopted was 
that obtained for the particular strut (details of which are found in 
section 4.6.1. and Table 4.5). 
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APPENDIX B DOUBLE LAYER GRID TEST REýULTS 
The results of Grid Tests 1,3 and 4 Are shown 
, 
in Appendices 
BI, B2 and B3 respectivbly. The results in each appendix are 
presented in the following order: 
a) symmetric joints load-displacement curves 
b) other joints load-displacement curves- 
C) symmetric members load-mean axial stress curves 
d) other members load-mdan axial stress curves 
- The mean value of load recorded by the two actuators 
utilised in each test has been used in all the results. The results 
are presented in numerical order (e. g. joint 2 before joint 3 
and member 12 before member 1- 7). 
The theoretical results have been obtained using the 
material-and section properties shown in Table B. 1 overleaf., The 
section properties were obtained from measurem6nts of 101 samples 
(41).. Although. the material'used in Grids 3 and 4 was 
not included-in the 101 measured samples, because the two 
batches of material- were of the same nominal dimensions the 
mean values obtained from the large sample were used in'the 
analyses. Another reason for using those figures was that 
there was an insufficient number of tubes, measured in the new 
batch of material to be confident of the mean values obtained. 
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Appendix Bl. Results for the test on Grid No. l. 
Table-B. I. -Properties of the Members in_Each Grid 
Grid No. 
2 3 4 
Yield Stress N/mm2 286.5 286.5 281.7 375.4 
Critical Buckling Stress N/mm2 270.5 286.5 281.7 285.6 
IElastic 
Modulus N/mm2 204905 204905 203936* 200599 
*ea MM2 22.075 22.075 22.075 22.075 
Radius of Gyration mm 3.086 3.086 3.086 3.086 
* This value was that of member TF18, Table 4.4. The yield 
stress of that member was the closest, of the annealed tubes 
which were tested, to the material in the grid. 
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Appendix B2. Results for the test on Grid-No. 3. 
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Appendix B3. Results for the test on Grid No. 4. 
a 
m 
m 
m 
LU 
Z 41 
cr. 
mN 
-i I: w l< 
i i 
I 
c c ww zz 
um 
< 
LU 
ý- ý- 0: N 
z C3 6.4 EU C3 ca IZ 
Lo 
w4 
00 
Jr 
u 
< 
0w 
-j 
z 
13 < 
w i- 
M 
-j 0 IL 
IL W 
<w 
> 
zX 
< :) 
wu 
m 
315 
Z 
41 
-i LL 
tu 
ra 
r4 
r- 
m 
c2 
im 
. r- Li- 
0 ?a 11 m tv 
CSNO-LABN>I> CIVC-7 
Z11 
w 
MIX (3 C3 ww 
UM 
ztzý- - LU 
I 
tic 
l 
z 
u 
1 2) 6") 
z 
00 
I LL 
< 0w 
-i z 
< w M 
-10 
IL W <w > z it < wu 
In It m 
<SNC-LA3N>0 C7VO-7 
316 
u 
LU 
-j LL 
Q 
-J 
317 
z It 
w 
Ix 
ww 
um 
<I 
-i D IZ 
13 in w 
z 
00 
I LL 
u < 13 
0w 
-i z ý-q 
1: 1 < 
w I- 
#--I M 
-i cl IL 
I U) 
<w 
z fr. 
wu 
I 
V) 
LU 
ct 
ci 
LU 
ft 
zQ 
#-4 LLI 
0 C) x 
t 
/ 
/ 
I 
/: 
I: 
I: 
I: 
I: 
I: 
I: 
I ". I.... 
I.. 
.. 
) 
:1 
:1 
:1 
:1 
:1 
"I 
: 
"1 
I. 
f: 
: 
: 
It 
V4 
LLI 
.j LL 
til 
ca 
a 
- 
.. 
.. 
.. 
I' 
..  
N 
94 
0 
94 
0 
CY) 
cl; 
13 
It 
(V 
IIIII- --t*'! m 
m It m to 
CSNO. LABN>f> C7VC-7 
z It 
w 
xx 
ww 
um 
< 
IZ 
U) 
0 Lo 
w 
z 
"x 
00 
u 
< (3 
0w 
-i z 
13 < 
w i- 
"M 
-10 IL, 
I U) 
<w 
z (Y. 
wu 
I 
:3 
(1) 
LU 
cc 
LLJ 
LU 
00x 
., 
d, 
.0.0. : 
d6- 
318 
\WP 
1 
to 
94 
bi 
94 
Z- 
Q 
LU 
. -1 LL 
Lii 
ra 
.. i 
1- 
nr, 
vl; 
LA- 
Co 
in 
m CY 94 
CSNC-LA3N>4> CIVO-7 
z It w 
I ir 
ww 
um 
< 
IZ 
U) 
13 (1) 
w 
z 
" 7- 
00 
"I It 
I LL 
Li 
< 13 
0w 
-i z 
13 < 
w i- 
"M 
-10 I 
I (n <w 
z ly. <D wu I 
LU 
LU I-- cic z0 
" LU ca 0 
opt 10 : "i 
S. ". 
S. 
S. 
S.. 
". 
a 1) It (Ij 04 
CSNO-LA3NM> CIYO-7 
319 
A 
to Z: 
a 
0 
z 
C) 
U 
lu 
-1 
IL 
41 
Q 
L) 
41 
Lf) 
m 
z It 
w 
x ir 
ww 
um 
< 
IZ 
13 (n w 
z 
00 ly. LL 
< 13 
0w 
Jz 
< 
w ý- 
"M 
-j 0 I 
IL Lo 
<w 
z It 
< -I 
wu 
2 
Lu 
tsl 
ft 
ci ci 
LU 
Lu 
do op do do 
a V) It CY 
<SNO-LA-"qN>f> CIVC-7 
320 
12 m 
t% A 
ty :Z 
CY 
(D 
co 
-0 
-m 
Lii 
ra 
u 
i- 
It 
41 
to 
LL 
0 
W4 
(n LU cc 
ZI tv 
w 
Ixd 
ww LU um cc < ca 
-i 
LU 
a. z U) ý-f ý- I 
13 
z 
00 
11 fr. 
I tL 
0 
< (3 
0w 
Jz 
13 < 
w I- 
"M 
-i cl I 
I (D 
<w 
z (Y. 
wu 
x 
It 
9.4 
N 
V4 
G 
W4 
(D 
it 
(9 
1--11-111 -ý m 
0 in le mN v4 Q 
I 
. -J r 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
* 
I 
I 
I 
I 
I 
_. 1 
z 
C) 
u 
LLI 
-j LL 
u 
321 
cv, 
a, 
. - 
Z) I 
W 
Lu 
ck., 
ZI 
w 
I X-- 
ww 
UM 
LU 
fit 
<I z C3 
I :) 
5: 
'--I tu c32 : I 
I 
I z ý -, I U) 
I LL 
< (3 
0w 
-i z H I fl< I 
w i- 
H III --% 
-j 0 .01 IL 
<w 
> 
z Ix 
< :) I 
wu 
10 It m 
CSNO-LAi3N>f> OVO-7 
322 
de% 
90 
Z 
0 
V4 
T4 
ta 
v4 
z 
0 
u 
41 
-j LL 
Ld 
OD 
m C13 
cn 
. f. Lj- 
'4. 
N 
(n tij ,0 rt 
t 
Z1 
1 2: w er, 
0 i 2 cý c3 .4 1 ww 
L) iD 
ZF- LU 
404 Co < iz C: ) 1 
c3 x LL Z ýE 
LU 
w in 9 
Z 
c2 0 
ll oý LU 
1 LL 
% 
< 
0w 
-i 
Z 
< 
w F- 
EL ül 
<w 
> 
Z üý 
< :) 
W L) % % 
323 
0) 
m 
co 
tm 
. r- 
U. 
324 
z It 
w 
I it 
ww 
um 
< 
Iz 
U) 
H ý- 
13 U) 
w 
I- 
z 
00 
I-) Ir 
I IL 
0 
< 13 
0w 
-i z H 
0< 
w ý- 
HM 
-10 I 
IL (n <w 
z ly. 
wu x 
a 
LU 
cc 
m 
ci 
LU 
4j 
Q1 
F-I 
qr--- 
U) *e 0) N 
<SNO-LA3N>f> CIVO-7 
:Z 
v 
0 
u 
LU 
LL 
LU 
Q 
(Y LU 
CD 
cc ta 
LL. 
ta 
V4 0 
It 
dop 
C)) 
94 
ZI 
w 
d 
ww 
um 
lu 
<I 
i :) 
1- Z 
tu 
q X I ý - W 
0 (n w V4 
z 
00 
"I (K 
I IL I 
0 
< V4 
0w 
-i z 
< 
w 
-10 IL 
I U) 
<w 
z It 
< :) % a wu % % 
% 
ý, 
-% 
. 
m 
, ft. 
,% 
- 
., 
'. 
, 
, ft, 
-% 
. .4'. 
,. 
m 
CSNO-LASN>I. ) C7VO-7 
325 
1 
'I 
u 
LL. 
LU 
13 
1 
co 
(1) 
S- 
M 
. r- LL. 
326 
z It 
w 
2 it 
ww 
um 
< 
IZ 
U) 
(3 U) 
w 
z 
HX 
00 
"I it 
I IL 
13 
< 13 
0w 
-j z 
(3 < 
w 
-10 I 
I U) 
<w 
z ix 
< :3 
wu 
I 
LU 
Lf) 
rd 
d 
Lij 
cc 
0 ID 
LIJ 
U) 
rd 
CD 
m 
t9 
0 U) (Ij W4 
I-' 
'-I 
z 
C) 
1.4 
L) 
ui 
-i LL 
LU 
El 
-J 
C-) 
F- 
w 
0i 
r- 
cl; m 
:3 
LL. 
CSNO-LASN>I> OVO-7 
m 
M 
LU 
ct 
z It m 
-j 
w 
a 
ww z 
um 
< C3 
W4 
IL z C3 
0 U) w 
z 4 9 
00 
I LL 
< 
0w 
-i z 
13 < 
-10 a. I (n <w > z ft < :) wu 
0 
m CY 
CSNO. LA-*; YN>f. ) CIVC-7 
z 
0 
LU 
-j LL 
LU 
Q 
-i 
41 
327 
cl; m 
LL. 
w 
13 
W 
z (n 
HZ 
<w 
0w 
ly 
U) < 
w 
> 
af w 
:) U) 
u (1) 
w 
w U) 
w 
> 
W 
m 
x0 
W IL 
0 it 
-i w m 
ox 
w :) 
Z 
IL 
IL U) 
<w 
z 
<x 
w0 
it 
LL 
ca 
11C 
ca 
-i 
e*ý-*. 
-. 
(. J 
cn LU rt 
tk: 04 LU 
LIJ cc 
0 
LU 
-Z W :r 
.x 1-ý 
CM 
m 
C" 
a 
19 
m e% 
CY 
ci 
U) 
Ld 
328 
cr) 
m 
z 
w 
13 -1 W" 
z (n 
"Z 
<w 
i- ý- 
mI 
cl w 
ly. 
En < 
w 
> (n ly- w :) U) u (n W. (n ly. U) i- w U) It w > 
W 
m U) 
10 
W IL 
xv 
18 
13 It 
cl ly 
-i w m 
13 m 
w :) 
Z 
IL t- 
IL LO 
<w 
z 
< 
w0 
xw 
IL 
3? 9 
to m 
to 
G m I 
m 0 1 
m 0 
C3 
W4 
I 
LLI 
I 
co 
W 
LL. 
St 
2: 
w 
13 -1 WH 
z (n 
HZ 
<w 
ý- t- 
m 
0w 
it 
(n < w > (n xw :) U) u U) w U) Ix (n i- w U) (Y- i- w (n > 
W m (n 20 w (I 
13 
0 it 
-i w m 
ox 
w :) 
Z 
IL i- 
I (n <w 
z < w0 2: x LL 
330 
0) 
12 
12 m 1 
C3 
LIJ 
LL- 
z 
w 
1: 3 
W ci 
z (n 
HZ <w 
cl w (Y. U) < w > U) xw I U) u (1) w 
U) t- w (n Ir t- w U) > 
W m in x0 WI 
0 It 
-i 
w 
w 
Z 
I ý- 
fL (n <w 
z < w0 
LL 
331 
m 
t9 
P) 
to t-% 
(Ij 
z 
C3 
0 
CD U) 
V4 
lu 
CY 
I 
CY I 
m G 
I 
C4 m 
(1) 
S- 
LL. 
p. ' 
z 
I 
w 
0J 
WH 
z (n 
HZ 
<w 
cl w 
ly 
< 
w 
> 
ty. w 
:) U) 
u (n 
w 
w U) 
w > 
H iy. i- W 
M0 W IL 
C3 I 
0X 
-i 
w 
m 
(31 
wD 
Z 
IL 
I Lo 
<w 
z 
< 
w0 
1 ly 
LL 
332 
m 
ta 
ta m I 
I' 
'4 
U) 
\ 
U) 
Lu 
m W4 
Aj 
I 
N I 
ta G 
I 
Co 
ci2 
C» 
. r- 
LL. 
I' 
z 
'Sd 
w 
0J 
WHa 
z U) 
HZ 
<w 
m 
cl w 
x 
< w >w ly. w :) U) u in w 
w (n ly. I- w in > H 
T i- 
WH 
m (n 10 WI 
Iv II 13 It 
0x 
-i w m 
(31 
w :3 
HZ 
-i IL 
IL M 
<w 
z 
< 
w0 
III: 
LL 
333 
C3 
In 
LU 
AI 
AI 
I 
G 
ta 
m 
I 
c7i 
r- 
C4 
w 
13 
W 
z U) 
HZ 
<w 
ý- i- 
In 
0w 
fr. 
cn < w > (n It w :) U) u in w (j) ir. U) ý- w U) fr i- w U) > 
W m in 10 W IL v 
C3'1 
0T 
-i w m 
13 1 
w :) 
Z 
I F- 
I (n 
<w 
z 
< 
w0 
X 
LL -4 
334 
0 
IV rd 
ta 
W4 
(Ij 
0 
co 
94 
rq 7z 
z 
cy 
U) 
LU 
0: 
CD 
C*lj 
I' 
z 
w 
13 J 
WH0 
z (n HZ 
<w 
m 
0w 
IK 
U) < 
w 
> U) 
frf w 
D U) 
u U) 
w 
LO X 
Lo i- 
w (n CE ý- w U) > 
W 
m U) 
10 
WI 
v 
0 ly. 
-i 
w 
m 
13 1 
w :) 
Z 
IL 
I LO 
<w 
z 
<x 
w0 
Ix 
LL 
335 
ei 
cl 
I' 
4 
t3 
(I) 
U) 
a 
m La 
ty- 
Lq 
-i 
Aj 
I 
I 
r- C%j 
C.; cc 
En 
. r- 
LL- 
w 
W 
zm 
"Z 
<w 
0w 
0: 
Lo < 
w 
> LO 
it w 
:: ) U) 
u in w Lo it U) ý- w (n ly- w > 
W m 
20 wI v 
0X 
-i w 
w :3 
Z 
IL I- 
IL LO 
<w 
z 
< 
w0 
CE 
LL 
F' 
z 
0 
.1 
m 
It 
m 
0 
336 
C3 
LQ 
m 
Aj 
4 
s-I 
a: 
ei 
C%j 
C.; co 
LU 
0) 
337 
REFERENCES 
Davies, R. M. (Ed). "Space Structures". Blackwell, Oxford, 1967. 
Gero, J. S., Ding, G. D. and Cowan, H. J. "Research in Space 
Structures", pp 405-418. 
2. Supple, W. J. (Ed). "2nd International Conference on Space Structures" 
University of Surrey, 1975. 
2.1 Marsh, C. "Orthogonal Grid Space Trusses Ultimate Strength 
and Optimization", pp. 550-555. 
2.2 Karfarski, J., Karczewski, J. and Lubinski,, M. "Conception of 
Design of Spatial Grid Structures by the Limit State 
Method", pp. 794-801. 
2.3 Mezzina, M., Prete, G. and Tosto, A. "Automatic and Experimental 
Analysis of a Model of a Space Grid in Elastoplastic 
Behaviour", pp. 570-588. 
2.4 Morgan, P. R., Schmidt, L. C. and Stevens, L. K. "The Influence of 
Imperfections on the Behaviour of a Space Truss" 
pp. 55-64. 
2.5 Walker, H. "The Nodus Space Frame System", pp. 447-458. 
3. Van Musschenbroek, P. "Introductio and Cohaerentiam Corporum 
Fimorum", Lugduni , 1729. 
4. van den Broek, J. A. "English Translation of Eulers 'On the 
Strength of Columns'. " Am. J. Phys., Vol. 15 No. 4, 
pp. 309-318, July 1947. 
5. Lagrange, J. L. "Sur la figure des colonnes" Melanges de Philosophie 
et de Math de la Soc. Roy. de Turin, 1770-3. 
338 
6. Salmon, E. H. "Columns". Oxford Technical Publications, 1921. 
7. Van Heim, J. P. G. %ber Gleichgewicht und Bewegung 
gespannter elasticher fester Korper, etc" Stuggart u. 
Tubingen, 1833. 
8. KriemlerC. J. %abile und stabile Gleichwichtsfiguren", Kartsruhe 
1902. 
9. Young, T. "A Course of lectures on Natural Philosophy and the 
Mechanical Arts". London, 1807. 
10. Lamarle, E. "Memoire sur la flexion du bois (deuxieme partie)" 
'Ann. des Travaux pub. de Belgique. 1846. 
11. Considere, A. "Resistance des pieces comprimees" 
Congres international des procedes de" construction 
Vol. 3, p. 371 Paris 1891. 
12. Engesser, F. "Uber die Knickfestigkeit gerader Stabe", Zeitschrift 
fur Architektur und Ingenieurwesen, 1889. 
13. Jasinski, F. "Recherches sur 1, a flexion des pieces comprimees, " 
Ann. des Points et Chaussees, 
Paris 1894. 
14. Engesser, F. "Knickfragen" Schweizerische Bauzeitung, Vol. 26.1899-. " 
von Ka**man, T. "Untersuchungen uber Knickfestigkeit11, Mitteilungen 
I uber Forschungsarbeiten auf dem Gebiele-des- 
Ingenleurwesens, No. 81, Berlin, 1910. 
1 6ý. Southwell , R. V. "The Strength of Struts". Eng, ineering, 'Vol. 9 
1 49 1 1912. 
339 
17. Shanley, F. R., "The Column Paradox". J. Aero. Sc., Vol. 13. p. 678 p 1946. 
18. Shanley,, F. R., "Inelastic Column Theory" J. Aero. Sc., Vol. 14., 
pp. 261-267,1947. 
19. Shanley, F. R.,, "Strength of Materials", Macýraw -Hill, New York, 1957. 
20. von Kaman, T. Discussion of Reference 18. J. Aero. Sc., Vol. 14, 
p. 267,1947. 
21. Column Research Council. "The Basic Column Formula" CRC Technical 
Memorandum, No. 1, May 1952. 
22. Scheffler, H. "Theorie der Festigkeit gegen das Zernickenll, 
Braunschweig, 1858. 
23. Ayrton, W. E. and Perry, J. "On Struts". The Engineer, December 1886. 
24. Robertson, A. "The Strength of Struts". Inst. C. E., Selected 
Engineering Paper No. 28.1925. 
25. Beedle, L. S. "Ductility as a Basis for Steel Design". Engineering 
Plasticity, Ed. J. Heyman and F. Leckie, Cambridge 
University Press. 1968. 
26. European Convention for Construction Steelwork. "Introductory 
Report. Second International Colloquium on Stability 
of Steel Structures". Liege, April 1977. 
27. Bleich, F. "Buckling Strength of Metal Structures". MacGraw-Hill, 
New York 1952. 
28. Timoshenko, S. P. and Gere, J. M. "Mechanics of Materials". Van Nostrand 
Reinhold Co., London 1973. 
29. Godfrey, G. B. "The Allowable Stresses in Axially Loaded Steel Struts" 
The Structural Engineer, Vol. 40, No. 3. pp. 97-112,1962. 
340 
30. Dutheil, J. "The Theory of Instability through Disturbance of 
Equilibrium" 4th Congress of IABSE, Cambridge 1962. 
31. Dwight, J. B. "Use of Perry Formula to Represent the New European 
Strut Curves". Proceedings International Colloquium 
on Column Strength, IABSE, Paris, 1972. 
32. Beer, H. and Schultz, G. "Bases Theoriques des Courbes Europeennes 
de Flambement". Construction Metallique,, No. 3. 
September 1970. 
33. Manual of Steel Construction, 8th Edition, AISC. New York,, 1979. 
3i. van den Broek, J. A. "Theory of Limit Design", Wiley, New York, 
1948. 
35. Paris, P. C. ' '"'Limit Design of Columns". J. Aero. Sc. 1, Vol. 21. pp. 43-49 
1954. 
36. Stevens, L. K. "Plastic Design and Trussed Frames", Engineering 
Plasticity, Ed. J. Heymen and F. Leckie, Cambridge 
University Press, 1968. 
37. Lay,, M. G. "The Behaviour of Triangulated Redundant Steel Trusses" 
M. Eng. Sc. Thesis, University of Melbourne. 1960. 
38. Roy, G. G. "Optimum Elastic-Plastic Design of Space Trusses". 
M. Eng. Sc. Thesis,, University of Melbourne. 1970. 
39. Roy, G. G., Toakley, A. R. and Stevens, L. K. "Elastic-Plastic 
Analysis of Triangulated Frameworks". 
_ 
Building Science, 
Vol. 6. pp. 115-122.1971. 
40. Supple, W. J. and Collins, I. "Post-Critical Behaviour of 
Tubular Struts". Engineering Structures, Vol. 2 , pp. 225- 
229, October 1980. 
341 
41. Collins, I. and Supple, W. J. "Experimental Post-Buckling Curves for 
Tubular Struts". Dept. Civil Engineering, University 
of Surrey, September 1979. 
42. Yamaguchi, T. "Pin-Connected Space Structures with Abrupt 
Strut Failure". M. Sc. Thesis, University of Surrey 1978. 
43. Smith, C. S., Kirkwood, W. and Swan, J. W. "Buckling Strength and 
Post-Collapse Behaviour of Tubular Bracing Members 
including Damage Effects", Second International Conference 
on Behaviour of Off-Shore Structures, Paper 70, Imperial 
College, London 1979. 
44. Lecture Notes, "Introductory Course on Matrix and Computer Methods 
in Structural Engineering, University of Surrey, September 
1974. 
45. Schmidt, L. C., "Alternative Design Methods for Parallel-Chord 
Space Trusses", The Structural Engineer, Vol. 50, No. 8., 
pp. 259-302, August 1972. 
46. Grigorian, M. and Lashkari , M. "Plastic Design of Trussed Grids", 
Int. J. Mech. Sci., Vol. 15. pp. 573-581.1973. 
47. Dickie, J. F. and Dunn, D. J. "Yield Line'Considerations in Space 
Structures". The Structural Engineer, Vol. 53,, No. 3., pp. 
147-1529 1975. 
te 
48. Shin Be, Y. K. "Automatic Limiý Analysis of Triangulated Space 
Structures". The Structural Engineer, Vol. 48., No. l. 
pp. 21-29.1970. 
49. Schmidt., L. C. . "Member Buckling Characteristics and Space Truss 
Behaviour" IASS Congress on Space Enclosures, Concordia 
University, Montreal,, July 1976. 
342 
50. Schmidt, L. C. "Effects of Compression Chord Buckling 
on the Behaviour of a Simply-Supported Space 
Truss", Proceedings Fifth Australasian Conf. Mech. 
Structures and Materials, Melbourne , 1975 
51. Li, P. K. "An Analytical Investigation of Failure Patterns and 
Ultimate Loads of Pin-Jointed Space Structures" 
M. Sc., Thesis, University of Surrey, 1977. 
52. Supple, W. J., and Collins, I. "Limit State Analysis of Double- 
Layer Grids" Proceedings of Short Course on the 
Analysis, Design and Construction of Double-Layer 
Grids, University of Surrey, 1978, (to be published 
by Applied Science Publishers, London). 
53. Schmidt, L. C. and Gregg, B. M. "A Method for Space Truss Analysis 
in the Post-Buckling Range", Int. J. for Numerical 
Methods in Engineering, Vol. 15, pp. 237-247,1980. 
54. Schmidt, L. C., Morgan, P. R., and Clarkson, J. A. "Space Trusses with 
Brittle-Type Strut Buckling, J. Structural Division, 
ASCE, Vol. 102, No. ST7, pp. 1479-1492, July 1976. 
55. Canon,, J. P., "Yield-Line Analysis and Design of Grids". AISC 
Engineering Jcwrnal, Vol. 6. pp. 124-129. October 1969. 
56. O'Meagher, A. J. "The Ultimate Load Behaviour of a Full Scale Space 
Truss", M. Eng. Sc., Thesis, University of Melbourne, 
1978. 
57. Schmidt, L. C., Morgan, P. R., and Coulthard, B. R. "The influence 
of Eccentricity,, and Continuity on the Inelastic 
Behaviour of a Space Truss". Proceedings Sixth 
Australasian Conf. Mech. Structures and Materials, 
Christchurch, New Zealand, 1977. 
343 
58. Loomis, R. S., Loomis, R. H., Loomis, R. W. 9 and Loomis, R. W. 
"Torsional Buckling Study of Hartford 
Coliseum". J. Structural Division, ASCE, 
Vol. 106, No. ST1. pp. 211-231, January 1980. 
59. Smith E. A., and Epstein, H. I. "Hartford Coliseum Roof Collapse: 
Structural Collapse Sequence and Lessons 
Learned", Civil Engineering, ASCE, Vol. 50. pp. 59- 
62, April 1980. 
60. Schmidt, L. C., and Hanaor, A. "Force Limiting Devices in Space 
Trusses", J. Structural Division,, ASCE. Vol. 105, 
No. ST5. pp. 939-951, May 1979. 
61. Hanaor, A. "Force Limiting Devices in Space Trusses", Ph. D. Thesis, 
University of Melbourne, 1979. 
62. Smith, E. A. Discussion of Reference 60. J. Structural Divisions 
ASCE, Vol. 106, No. ST4, pp. 937-938, April 1980. 
63. Lin, T. H. "Inelastic Column Buckling", J. Aero. Sc., Vol. 17. pp. 159- 
172,1950. 
64. Dianat, N. "Elastoplastic Behaviour of Flat Grids", Ph. D. Thesis, 
University of Surrey, 1979. 
65. Manjoine, M., "Influence of Rate of Strain and Temperature on the 
Yield Stress of Mild Steel, " J. Applied Mechanics, 
Vol. 11, pp. A211-A218, December 1944. 
66. Nooshin, H. "Algebraic Representation and Processing of Structural 
Configurations", Computers and Structures, Vol. 5,, 
pp. 119-130,1975 
344 
67. Sanchez Alvarez J. S., "Formex Formulation of Structural Configurations" 
Ph. D. Thesis,, University of Surrey, 1980. 
68. Haristchian, M. "Formex and Plenix Structural Analysis", Ph. D. Thesis, 
University of Surrey, 1980. 
69. Butterworth, J. W. "Nonlinear Analysis and Stability of -Elastic Skeletal 
Systems", Ph. D. Thesis, University of Surrey, 1975. 
70. Kalafatis, A. "Collapse Analysis of Space Structures", M. Sc. 
Thesis, Universityof Surrey, 1980. 
71. Epstein, H. I., and SM th, E. A. Discussion of Reference 58. - 
J. Structural Division, ASCE, Vol. 106, No. STIO 
pp. 2134-2135, October 1980. 
